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Pulp and paper (P&P) mills’ wastewater contain high concentrations of resin acids (10–
10,000 mg/L) which are toxic to aquatic organisms. In mill’s primary and waste activated 
sludge treatments reduced concentrations of resin acids in effluent; however, most of the 
resin acids are ultimately ended up in sludge after primary and secondary clarification due to 
their extreme hydrophobic nature (log Kow ~6.0). Nevertheless, adsorbed resin acids on the 
surfaces of anaerobes and substrates affect anaerobic digestion (AD) process negatively. The 
objective of the present work was to determine the effect of pretreatment of 
thermomechanical pulping mill’s primary sludge (TMP-PS) on AD. The performance of 
ozone and ferrate pretreatment of TMP-PS on AD was evaluated at their optimum pH around 
11.0 and 7.0, respectively. Pretreatment of TMP-PS using 0.150 mg dosages /mg tCOD of 
ferrate and ozone increased sCOD by around 28.35% and 22.88%, respectively besides 
reduction of 23.63%, and 37.07% resin acids, respectively. AD showed negligible 
biodegradation of resin acids by anaerobic consortia. Pretreatment with ferrate and ozone 
increased the methane yield by maximum of 60.15% and 49.62%, respectively. Compared to 
ozonation, 11–13% more methane was generated in ferrate pretreated digesters. However, 
according to cost analysis, ozonation of TMP-PS is economically more feasible than ferrate 
pretreatment. 
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Summary for Lay Audience 
The worldwide demand of pulp and paper (P&P) products are increasing day by day. The 
water consumption in P&P mills is also increasing with the demand of paper products. 
Wastewater produced at P&P mills contains excessive concentrations of toxic compounds. 
Among them, resin acids have been found in pulping wastewater at higher concentrations. 
Resin acids generally originate in the resin of tree bark and wood. Resin acids are the most 
potential inhibitors of microorganisms in anaerobic digestion (AD) of P&P mills’ waste 
solids (sludge) generated in wastewater treatment plant. Resin acids are mostly found in the 
solids in sludge due to higher hydrophobicity, which ultimately undergoes AD prior to final 
disposal. An efficient pretreatment of P&P mills’ sludge is required to remove the toxicity of 
resin acids to microorganisms prior to AD. The overall research objective of this PhD is to 
determine the effect of resin acids on anaerobic digestion of P&P mills primary sludge. 
Pretreatment with ozone and ferrate, which are powerful oxidant to degrade the organic 
compounds, applied in this study to treat the sludge from P&P mill’s primary sludge. The 
performance of ferrate pretreatment increased 11-13% more methane yield in comparison 
with ozone pretreatment in the digester. However, according to cost analysis, the operating 
cost of ferrate pretreatment of P&P mill’s sludge is significantly higher than ozonation due to 
higher production cost of ferrate. Moreover, ozone pretreatment can easily be retrofitted in 
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Chapter 1  
1 Introduction 
1.1 Rationale 
The worldwide production of pulp and paper (P&P) products increased by 6% from 2010 to 
2017 as shown in Figure 1.1 (Kokko et al., 2018). Water consumption in P&P mills is intensive 
around 200–1000 m3 to produce one ton of paper products (Kamali et al., 2016). Wastewater 
produced at P&P mills contains excessive concentrations of toxic compounds. Among them, 
resin acids have been measured in pulping wastewater at elevated concentrations (10–10,000 
mg/L) (Meyer and Edwards, 2014). Resin acids are weak hydrophobic acids, generally originate 
in the resin of tree bark and wood. 
 
Figure 1.1: Global production of P&P mills products from 2010 to 2017 (Kokko et al., 
2018) 
Anaerobic digestion (AD) of P&P mills sludge is an attractive alternative in terms of sludge 
destabilization, cost reduction by removing parts of the COD anaerobically, methane generation 
as a source of energy, easy operation, and low investment cost. The potentiality of application of 


































focused due to efficient water recycling (Lettinga et al., 1991). However, wood extractives such 
as resin acids, LCFAs, volatile terpenes and tannins affect anaerobes depending on their 
concentrations (Sierra-Alvarez et al., 1994), resulting in a low methane yield and process 
instability due to slower hydrolysis of ligno–cellulosic materials. 
Pretreatment methods have been applied to increase solubilization of sludge, which facilitates the 
hydrolysis step of AD process. However, to the best of our knowledge, the effect of pretreatment 
on anaerobic digestibility of resin acids has never been reported for both wastewater and sludge. 
It is hypothesized that oxidative pretreament of resin acids will cause cleavage of the tricyclic 
rings making them more water soluble for greater uptake by the microorganisms resulting in 
better AD of the resin acids. Among the various oxidative pretreatment methods, ozonation is 
easy to retrofit in traditional wastewater treatment plants. Ozonation is also one of the most cost–
effective pretreatment methods, especially dealing with high strength organic wastewater and 
recalcitrant compounds. Another oxidant, ferrate (Fe (VI)) is being increasingly used in 
treatment of various effluents (Jiang et al., 2013; Jiang et al., 2006). Fe (VI) is a powerful 
oxidant generating Fe (III) after its application, which is nontoxic and magnetically separable 
coagulant. However, treatment of resin acids with Fe (VI) in P&P mills wastewater and sludge 
has never been tested. The partition of resin acids on PS has also not been reported 
systematically; therefore, batch partition studies are required to determine the extent of partition 
of various resin acids in sludge. The motivation of this PhD research is to understand all of issues 
stated above. 
1.2 Objectives 
Resin acids are the most potential anaerobic inhibitors of AD of P&P mills’ sludge. Because of 
high log Kow, resin acids are mostly partitioned in the sludge, which ultimately undergoes AD 
prior to final disposal. An efficient preteatment of P&P mills’ sludge is required to remove the 
toxicity of resin acids to microorganisms prior to AD. The overall research objective of this PhD 
is to determine the effect of resin acids on anaerobic digestion of P&P mills primary sludge. 
The specific objectives are: 




b) To determine anaerobic biodegradability of resin acids 
c) To assess the effect of pretreatment on anaerobic digestibility of resin acids: 
• Ozone pretreatment 
• Ferrate (VI) pretreatment 
d) Evaluation of pretreatment performance on anaerobic digestibility of actual P&P mills’ 
primary sludge. 
1.3 Thesis organization 
Chapter 1 represents an overview of the thesis and the rationale behind assessing pretreatment of 
resin acids on anaerobic digestibility of P&P mills sludge. It provides the specific research 
objectives. 
Chapter 2 provides a comprehensive literature review on characteristics of pulping process 
wastewater, partition behavior of resin acids on biomass, anaerobic digestibility of P&P mills 
wastewater/sludge, impact of resin acids on AD of P&P mills sludge, removal processes of resin 
acids, and fate of resin acids in biosolids. 
Chapter 3 is a research article “Anaerobic digestibility of resin acids in primary sludge: effect of 
ozone pretreatment”. The objective of this work was to understand the effect of ozone 
pretreatment on anaerobic digestibility of resin acids in municipal PS. Initially, the ozonation of 
model resin acids spiked in Milli–Q water was conducted at various ozone doses (0–1.5 mg 
O3/mg tCOD) and pH (5.0–11.0) to determine the degradation kinetics. Thereafter, anaerobic 
digestibility of the model resin acids was tested in batch fermentation tests. Finally, anaerobic 
digestibility of both untreated and ozonated PS spiked with resin acids was determined. The 
partition of resin acids in PS has not been reported; thus, batch adsorption of test resin acids was 
also conducted at pH 4–8 to determine the extent of partition of resin acids on PS. 
Chapter 4 is a research article “Effect of ferrate pretreatment of resin acids on anaerobic 
digestibility of primary sludge”. The main objective of this study is to evaluate the effect of Fe 
(VI) pretreatment on anaerobic digestibility of resin acids spiked in municipal PS. Initially, Fe 




such as Fe (VI) dosages (25–55 mg/L or 0.085–0.189 mg Fe (VI) dosage/mg tCODfed), pH (6.0–
8.0), and contact time (10–30 min) to determine the degradation kinetics and optimum condition 
for further studies. Thereafter, PS spiked with tested resin acids is treated at optimum pH and 
contact time with Fe (VI) dosages (0.034–0.119 mg Fe (VI)/mg tCODfed) because of presence of 
higher background organics in sludge. Finally, anaerobic digestibility of the tested resin acids is 
examined in batch assays for both untreated and Fe (VI) pretreated municipal PS spiked with 
resin acids. 
Chapter 5 provides the characteristics of PS obtained from thermomechanical pulping (TMP) 
plant. Pretreatment comparisons between Fe (VI) and ozone on anaerobic digestibility of TMP 
mills’ PS, and the cost feasibility of tested AOPs are reported in this chapter. 
Finally, Chapter 6 summarizes the major findings of this research study along with future 
recommendations. 
1.4 Thesis format 
This thesis has been prepared in the integrated–article format according to the specifications 
provided by the School of Graduate and Postdoctoral Studies located at the University of 
Western Ontario. Chapter 2 represents literature review of this thesis which has been prepared 
for submission to International Journal of Environmental Research and Public Health. Chapter 3 
of this thesis has been published in Chemosphere. Chapter 4 has been prepared for submission to 
Journal of Waste Management. Chapter 5 has been prepared for submission to Bioresource 
Technology. 
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Chapter 2  
2 Resin acids in pulp and paper mills wastewater and solid 
waste: Fate and removal processes 
2.1 Introduction 
The worldwide demand of pulp and paper (P&P) industries is increasing with annual production 
of 409 million metric tons (MMT) paper products (Kokko et al., 2018). Around 182 MMT paper 
products are produced in Asian industries which is the highest proportion followed by Europe 
(106 MMT) and North America (85 MMT). Annual consumption of paper products can be 
increased by 1.6%, which is projected for 500 million tonnes (MT) globally in 2025 (Bajpai, 
2015). Water consumption in P&P mills is intensive around 200–1000 m3 to produce one ton of 
paper products (Kamali et al., 2016). As a result, daily 90–130 million liters of wastewater are 
generated from various pulping processes depending on the raw material, the type of product, 
and the degree of water recycling (Meyer and Edwards, 2014; Walden, 1976). The employed 
pulping processes release relatively enormous amounts of both wastewater and produce solid 
waste (Kamali and Khodaparast, 2015). Possible compounds such as wood-derived 
carbohydrates, lignin derivatives, organochlorine compounds (chlorinated phenols, catechols, 
guaiacols, dioxin and furan) and wood extractive compounds (non-structural) such as resin and 
fatty acids, phytosterols and phenols may be released (LaFleur and Barton, 1997; Suntio et al., 
1988; Kringstad and Lindstrom, 1984). Among these compounds resin acids are the most cited 
pollutants that occur naturally in softwood and are known as contributors to P&P mills effluent 
toxicity (Singh and Chandra, 2019; Xing et al., 2016; Peng and Roberts, 2000; Liss et al., 1997; 
Leach et al., 1976; Leach and Thakore, 1976; Zanella, 1983).  The aquatic toxicity of resin acids 
on rainbow trout was found in the range of 0.4–1.1 mg/L (Peng and Roberts, 2000; Leach, 1981; 
Chung et al., 1979). The concentrations of dehydroabietic acid (20–50 μg/L) were capable of 
decreasing the plasma vitellogenin and testosterone levels affecting the reproductive physiology 
of zebrafish (Christianson-Heiska et al., 2008, Quinn et al., 2003). 
Most P&P mills utilize primary clarification as a main effluent treatment process, followed by 
biological treatments. In case of biological treatment, most of the P&P mills treat wastewater 




activated sludge (WAS) can be generated from the finally produced pulp (on a dry weight basis), 
which can be as high as 20–40% depending on the pulping processes (Scott and Smith, 1995). 
Since resin acids are hydrophobic (log Kow ~6.0), they are likely to be adsorbed or partitioned to 
solids of primary sludge (PS) and WAS. Very limited studies were found in the literature 
determining the degree of partition of various resin acids in P&P mills solid waste. On the other 
hand, resin acids’ leading in surface run-off from solid waste is responsible for 60–90% of the 
toxicity to aquatic biota compared to other wood extractives (Kamali et al., 2016; Meyer and 
Edwards, 2014; Kostamo et al., 2004; Leuenberger et al., 1985; Leach and Thakore, 1976). The 
96 h LC50 of resin acids was in the range from 0.4 to 1.7 mg/L for rainbow trout (McLeay, 
1987). Currently, P&P mills sludge is first dewatered and either disposed in landfills or 
incinerated for energy recovery. Either way of sludge handling is cost-intensive and can cause 
50% of the total effluent treatment costs (Kantardjieff and Jones, 2000). Anaerobic digestion 
(AD) of P&P mills wastewater and sludge could be an attractive alternative; however, resin acids 
are the most cited anaerobic inhibitors (Sierra-Alvarez et al., 1994; Rintala and Puhakka, 1994; 
Kennedy et al., 1992; Richardson et al., 1991; Kostamo and Kukkonen, 2003). The inhibitory 
effects of resin acids on AD also depend on their degradability. Recently, oxidative pretreatment 
of P&P mills wastewater and sludge prior to AD has drawn an attention to the researchers (Wood 
et al., 2010; Karlsson et al., 2011; Elliott and Mahmood, 2012; Bayr et al., 2013, Tyagi et al., 
2014). Since a significant proportion of the resin acids is ultimately ended up in solid waste such 
as PS, WAS, biosolids, adjacent river sediments and receiving aquatic environment, fate and 
removal processes of these compounds are discussed in detail in this chapter. 
2.2 Characteristics of pulping process wastewater 
The amount and composition of P&P mills’ wastewater differs from one mill to another mill 
depending on the raw materials, pulping processes including bleaching, and chemical recovery 
(Habets and Driessen, 2007; Pokhrel and Viraraghavan, 2004; Walden, 1976). Different pulping 
techniques are shown in Figure 2.1. Pulping techniques such as mechanical, chemical, and semi-
chemical processes generate very process-specific wastewaters. The characteristics of 
mechanical and chemical P&P mills wastewater are presented in Table 2.1, and a short 











2.2.1 Mechanical pulping 
Mechanical pulping involves physical grinding of wood chips in combination 
with/without slight thermal or chemical pretreatment. The purpose of mechanical 
grinding is to refine fibres mechanically without removing lignin. High concentrations of 
condensed and hydrolyzable tannins (200–1600 mg/L), monomeric phenols (100–800 
mg/L), and resin compounds (10–10,000 mg/L) are produced during debarking process 
(Field et al., 1988; Liss et al., 1997). The concentration of resin acids in pulping 
wastewater due to mechanical pulping is comparatively much higher than that during 
chemical pulping. Typical COD in mechanical pulping wastewater varies in a range of 2–
10 g/L (Liss et al., 1997). Bleaching in mechanical pulping usually involves hydrogen 
peroxide or sodium dithionite prior to the refining process. 
2.2.2 Chemical pulping 
Majority of the lignin and hemicellulose are removed in chemical pulping reducing the 
amount of pulp (40–55%) which contains high quality cellulosic fiber compared to 
mechanical pulp (Habets and Driessen, 2007). The most common chemical pulping 
techniques are Kraft and slfite pulping. NaOH and Na2S are utilized in Kraft pulping, 
whereas salts of sulfurous acid in the form of sulfites or bisulfites are used to remove 
lignin from the wood chips in sulfite pulping. Digester and evaporator condensate 
generate most of the wastewater in chemical pulping process (Habets and Driessen, 2007; 
Driessen et al., 2000). The COD content of these condensates is reported in the range of 
0.7–13 g/L for Kraft pulping and 3–27 g/L for sulfite pulping. The condensates are rich in 
sulfur compounds with 60–700 mg/L sulfide in Kraft and 450–800 mg/L sulfite in sulfite 
pulping. However, the concentration of resin acids is much lower than mechanical 
pulping and varies in the range of 0.05–1000 mg/L (Liss et al., 1997). Moreover, 
organochlorine compounds are found during chlorine dioxide bleaching (Habets and 
Driessen, 2007). Pulp production is slightly higher in semi-chemical methods (60% and 
80%) due to lower lignin removal (Hall et al., 1986; Lee et al., 1989). Common methods 
are neutral sulfite semi chemical (NSSC) pulping and soda pulping. Impregnation of 
wood chips with sulfite and carbonate is achieved prior to mechanical refining in NSSC 





Hardwood species are treated usually in semi-chemical pulping resulting less wood 
extractives in mill wastewater. Additionally, bleaching is often not applied, keeping 
chlorine compounds and peroxide out of composite wastewater. The COD content in this 
process may exceed 10 g/L (Smith et al., 1994). 




Chemical pulping Comments and References 
COD (g/L) 2 – 10 0.7 – 13 (Kraft 
condensate) 
3 – 27 (Sulfite 
condensate) 
COD of wastewater from chemical 
pulping process is comparatively 
higher due to the addition of 
chemicals than that of mechanical 
pulping processes (Hoel and 
Aarsand, 1995; Habets and de Vegt, 
1991; Dufresne et al., 2001; 
Driessen et al., 2000). 




Kamali and Khodaparast, 2015; 
Pokhrel and Viraraghavan, 2004; 




40 – 3200 0.5 – 2700 TSS is comparatively higher at 
mechanical pulping due to the 
presence of fibrous materials and 
lignin (Hoel and Aarsand, 1995; 
Hall et al., 1986; Habets and de 
Vegt, 1991, Driessen et al., 2000; 
Kale and Singh, 2016). 
 
Resin acids (mg/L) 10 – 10000 <0.05 – 1000 Elevated concentrations of resin 
acids can be found when softwood 
species are used for chemical 
pulping (Liss et al., 1997; Rintala 
and Puhakka, 1994) 




-- 32 – 172 Anaerobic inhibitors. LCFAs are 
very hydrophobic and sorbed to 
solids within the reactor (Schnell et 
al., 1993). 
Tannins (mg/L) 200 – 1600 -- Anaerobic inhibitors (Field et al., 
1988). 
 







Peroxides (mg/L) 0 – 500 -- Anaerobic inhibitors. Peroxide 
concentrations in the influent of full-
scale UASB reactors higher than 50 
mg/L can deteriorate the anaerobic 
digestion process (Makris, 2004; 
Habets and De Vegt, 1991). 
Chlorides (mg/L) -- 417 – 1600 Anaerobic inhibitors. AOX 
concentrations ≥ 100 mg/L appeared 
to have a toxic effect on the 
anaerobic microbial community, 
shown by a diminished biogas 
production (Nilsson and Strand, 
1994). 
Methanol (mg/L) 25 250 – 12000 (Kraft 
condensate) 
0 – 250 (Sulfite 
condensate) 
Anaerobic inhibitors (Hall et al., 
1986; Dufresne et al., 2001). 
Phenolic 
compounds (mg/L) 
100 – 800 
(debarking 
effluent) 
17 – 42 (Kraft 
condensate) 
Anaerobic inhibitors. Wu et al. 
(1993) accomplished adaptation of 
anaerobic granular biomass to 
pentachlorophenol concentrations of 




-- Sulfides: 60 – 700 
(Kraft condensate) 
Sulfites:  450 – 800 
(Sulfite condensate) 
 
Sulfur compounds are among the 
most important anaerobic inhibitors 
in pulp mills. The highest toxicity 
seems to be related to unionized 
hydrogen sulfide and sulfite, 
whereas thiosulfate and sulfate are 
much less toxic. Threshold value of 
sulfite is 50 mg/L for anaerobic 
microorganisms (Khan and Trottier, 
1978; Stephenson et al., 1994). 
‘--’: data were not measured 
2.3 Resin acids in P&P mills wastewater 
The most common resin acids in aqueous pulping discharges are abietic acid (AbA), 
dehydroabietic acid (DhA), pimaric acid (PmA), isopimaric acid (isoP), sandaracopimaric 
acid (SpA), palustric acid (PlA), neoabietic acid (NaA), and levopimaric acid (LpA). 
Resin acids are not soluble in water, and the lipophilic nature with log Kow (1.74–5.80) 





properties of the most common resin acids are presented in Table 2.2, and a brief 
description about their origin in P&P mills wastewater, toxicity, and sorption/partition 
characteristics are provided in this section. 
Table 2.2: Physiochemical properties of most common resin acids 








Abietic acid (AbA) 5.80 d 2.75 a 6.40 c 302.45 
Dehydroabietic acid (DhA) 1.74 c 5.11 a 5.77 c 300.44 
Pimaric acid (PmA) 4.90 e 2.17 a 4.68 b 302.46 
iso-pimaric acid (isoP) 6.44 f 1.70 a 6.40 e 302.45 
Sandaracopimaric acid (SpA) 6.45 f 1.82 a -- 302.50 
Palustric acid (PlA) 7.27 f 2.41 a 4.67 g 302.50 
Neoabietic acid (NaA) 6.59 f 2.31a 4.68 g 302.50 
Levopimaric acid (LpA) 6.46 f 2.54 a -- 302.50 
a. Peng, G., & Roberts, J. C. (2000). Solubility and toxicity of resin acids. Water Research, 34(10), 2779-
2785. 
b. https://www.ebi.ac.uk/chembl/compound_report_card/CHEMBL1410398/  
c. Kamaya, Y., Tokita, N., & Suzuki, K. (2005). Effects of dehydroabietic acid and abietic acid on survival, 
reproduction, and growth of the crustacean Daphnia magna. Ecotoxicology and Environmental Safety, 61(1), 
83-88. 
d. Tavendale, M. H., McFarlane, P. N., Mackie, K. L., Wilkins, A. L., & Langdon, A. G. (1997). The fate of 
resin acids-2. The fate of resin acids and resin acid derived neutral compounds in anaerobic 
sediments. Chemosphere, 35(10), 2153-2166. 
e. Meriläinen, P. S., Krasnov, A., & Oikari, A. (2007). Time‐and concentration‐dependent metabolic and 
genomic responses to exposure to resin acids in brown trout (Salmo trutta m. lacustris). Environmental 
Toxicology and Chemistry: An International Journal, 26(9), 1827-1835. 
f. https://echa.europa.eu/documents/10162/11d16f0c-8001-4fd0-8fd9-b993bdb8895b  
g. https://www.chemicalbook.com/ChemicalProductProperty_EN_CB7728079.htm 
‘--’: Data are not available in the literature. 
2.3.1 Sources of resin acids 
Resin acids are weak hydrophobic acids that are appear naturally in tree resin and bark. 
Coniferous trees (soft wood) contain as much as one order of magnitude more resin acids 
than deciduous trees (hard wood) (McMartin, 2003). Based on chemical structure, there 
are two parts in resin acids: abietanes with conjugated double bonds and an isopropyl 
substituent at C-13, and pimaranes with no conjugated double bonds and both methyl and 
vinyl substituents at C-13 (Figure 2.2). Tricyclic and diterpenoid groups in resin acids 
contribute substantial toxicity to AD (Peng and Roberts, 2000; McMartin, 2003). DhA 





2003). Honda and Suzuki (2020) reported that the most concerning toxicity of aromatic 
compounds is carcinogenicity, and the compounds with aromatic ring induced gene 
expression of the cytochrome enzyme group as they transported into cells because of 
their hydrophobicity. However, the hydrophobicity of DhA is comparatively lower than 
that of other resin acids, and twice as soluble as any other resin acids (Table 2.2). This 
may be due to the fact that it is significantly structurally different from the others (Figure 
2.2), having three double bonds while the others have only two.  The pimaric type of 
resin acids (isoP, SpA, and PmA), which has methyl and vinyl substituent at position 13 
(Figure 2.2) are slightly less soluble in water than the abietic type (PlA, NaA, LpA and 
AbA), which has an isopropyl side chain at that position. Thus, the solubility of resin 
acids is a structure dependent phenomenon. As P&P mills wastewater contains high 
solids, the majority of resin acids will be associated with solid particles at pH below 7. 
Therefore, a considerable fraction of the resin acids can be removed by means of settling 
or floatation (Kostamo and Kukkonen, 2003). 
 
Figure 2.2: Chemical structures of the most common resin acids: abietic types a) 
DhA, b) AbA, c) NaA, d) LpA, and e) PlA; pimaric types f) PmA, g) isoP, and h) 
SpA. 
2.3.2 Toxicity of resin acids 
Concentrations of resin acids in P&P mills wastewater are mostly related to the softwood 






to wood composition (Liver and Hall, 1996; Guiot et al., 1998). The toxicity and 
solubility of resin acids depend also on the pH. Resin acids can pose a potential risk to 
aquatic biota and plant life at much lower concentration (ppb or ppt level), and toxicity 
increases as pH is decreased (Liver and Hall, 1996; Volkman et al., 1993). In general, 
non-dissociated resin acids at low pH have higher toxicological properties than their 
dissociated ions (at higher pH), while at higher pH their water solubility increases 
(McMartin, 2003). The toxicity of resin acids correlates inversely with their solubility; 
for example, the pimarane resin acids are the least soluble and the most toxic of the resin 
acids (Peng and Roberts, 2000).  
The solubility of resin acids in water decreases with the increase in log Kow. Based on 
relatively lower log Kow, solubility of DhA in natural water is higher compared to other 
resin acids (Volkman et al., 1993). It is also reported that the persistence of DhA is much 
higher in both water and sludge. Apparent DhA half-life was found to be 0.12 and 21 
years in natural water and sediment, respectively (Volkman et al., 1993). Since resin 
acids exhibit higher log Kow, bioaccumulation in freshwater mussels and fish tissues has 
been detected in many investigations (McMartin, 2003). Majority of the studies were 
conducted on rainbow trout (Salmo gairdneri) to test the acute toxicity of resin acids. As 
shown in Table 2.3, isoP is clearly the most toxic acid, while DhA is the least toxic. The 
pimaric type resin acids (isoP, SpA, and PmA) are more toxic than the abietic type (PlA, 
NaA, LpA and AbA), which suggests that toxicity is also structure dependent. The values 
for the abietanes tend to be closer for three species reported in Table 2.3. Besides toxicity 
to aquatic creatures, AbA developed acute and chronic lung diseases in workers exposed 
to resin acids derived from pinewood (Volkman et al., 1993). 
Table 2.3: 96-h LC50 values for the resin acids investigated for rainbow trout (Salmo 
gairdneri), Coho Salmon and Daphnia magna (Leach and Thakore, 1976; Chung et al., 






















Isopimaric acid 0.26 0.07 0.02  0.22 0.4−1 
Sandaracopimaric 
acid 
0.31 0.13 0.05 
 
0.36 -- 
Pimaric acid 0.54 0.26 0.06  0.32 0.7−1.5 
Palustric acid 0.55 0.28 0.1  0.55 0.5 
Neoabietic acid 0.56 0.35 0.12  -- 0.6 
Levopimaric acid 0.75 0.5 0.13  -- 0.7 
Abietic acid 1 0.68 0.4  0.41 0.7−1.5 
Dehydroabietic 
acid 
1.89 1.28 1.01 
 
0.75 0.8−1.7 
‘--’: Data were not measured. 
2.3.3 Partition characteristics of resin acids 
Resin acids are usually weak acids with pKa values between 5.7 and 6.4 (Liss et al., 
1997), indicating that most of the resin acids are in the non-ionized and hydrophobic 
forms at pH below pKa, and hydrophilic at pH above pKa. For example, resin acids did 
not accumulate well in the sediments of the river Saale as the pH of the river Saale was 
~8.0 (Liss et al., 1997). However, Crosley (1996) found that resin acids were suspended 
in the sediments of the Athabasca river, and the detected concentrations of AbA in 
sediment were more than three orders of magnitude than that observed in the water. As 
shown in Table 2.4, several studies found that resin acids’ adsorption capacity in river 
sediment varied from 0.5–109 μg/g dry weight. A study showed the partition coefficient 
(Kd) of tested resin acids in sodium azide-inactivated aerobic biomass (WAS) varied in 
the range of 0.31–1.14 L/g TSS at pH between 7.5 and 8 (Hall and Liver, 1996). Values 
of Kd versus water solubility and log Kow of resin acids from literature are plotted in 
Figure 2.3 showing slightly lower linear dependence of Kd on solubility and log Kow 
(Equation 1 and 2) as compared to Matter-Muller et al (1981). 
Kd = –0.227 S+1.481         (1) 






Figure 2.3: Correlation between partition coefficient of resin acids and (a) water 
solubility, (b) log Kow at pH 7.5-8.0 
Typical pH range of thermo–mechanical, sulfite and Kraft P&P mills wastewater is 4–4.2 
(Kamali and Khodaparast, 2015), 2.5–5.9 (Pokhrel and Viraraghavan, 2004), and 8–10.5 
(Pokhrel and Viraraghavan, 2004), respectively. Based on the reported pH of effluents 
from various P&P mills, it can be predicted that resin acids will be mostly in the water 
phase of Kraft P&P mills effluent, and on the suspended particulates in case of thermo–
mechanical and sulfite chemical P&P mills effluents. 
Table 2.4: Partition and sorption characteristics of resin acids 
Resin 
acids 
Resin acids' composition in river 
sediment (𝝁g/g dry weight) 
Partition coefficient, Kd (L/g TSS) 
in inactivated WAS 
Ramanen et 
al. (2010) a 
Tavendale et 
al. (1997) b 
Judd et al. 
(1996) c 
Hall and Liver  
(1996) at pH 7.5–8  
PmA  -- 59.3 7.7 0.978 
isoP 15.3 33.5 0.5 1.14 
DhA 92.4 94.5 21.4 0.31 
AbA -- 109 16.1 1.03 
PlA -- -- -- 0.737 
‘--’: Data were not measured. 
a. WWTPs in Äänekoski P&P mills discharge to Lake Kuhnamo, with an area of about 3.5 km2. 
b. Sediment was collected 0.5 km downstream from a kraft pulp and paper mill’s biologically 
treated discharge into lake Maraetai, New Zealand. 
c. Secondary treated CTMP mill derived resin acids in sediment from the Tarawera river, New 
Zealand. 
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2.4 Fate of resin acids in treatment processes 
Discharging of P&P mills wastewater is unsafe due to environmental regulations, and the 
best option is onsite reuse and recycling of mills’ effluent (Ji et al., 2012). The principal 
treatment process to treat P&P mills’ effluent is primary clarification with or without 
secondary treatment, generally of a biological nature. A typical treatment process flow-
diagram of P&P mills wastewater is shown in Figure 2.4. Various physicochemical 
treatment methods, such as coagulation and precipitation also have been applied in P&P 
mills wastewater as a primary treatment over the past two decades as they can remove 
suspended and floating substances as well as toxic compounds from the produced 
wastewaters (Kamali and Khodaparast, 2015). However, very limited studies were 
focused on the treatment of resin acids specifically. 
 
Figure 2.4: Most common in-mill treatment system for pulping wastewater 
2.4.1 Coagulation and precipitation 
Generally, P&P mills in most developing countries employ coagulation-flocculation as a 
primary treatment so that the primary treated wastewater with lower toxic solids would 
not compromise the subsequent biological treatments (Subramoniam et al., 2014). 
Coagulation of P&P mills wastewater using inorganic coagulants (alum, iron-based salts, 
polyaluminum chloride (PAC), polyacrylamides (PAM), and 
polydiallydimethylammonium chloride (polyDADMAC)) were applied in several studies 
(Renault et al., 2009, Wang et al., 2011). According to Yin (2010), coagulation with 
inorganic coagulants may cause adverse effects on human health, produce bulky sludge 
and are inefficient in cold water. However, natural coagulants are comparatively cheaper 
and pose lower health risk, higher biodegradability as compared to inorganic coagulants 

























electro-chemical methods, which are more technically and economically feasible in large-
scale operation (Soloman et al., 2009). Electrocoagulation treatments can be effective to 
deal with high molecular weight dissolved organic matters (Lewis et al., 2013). The 
performance of different types of coagulants on the removal of resin acids and other 
wood extractives in P&P mills wastewater is shown in Table 2.5. Maximum 97% resin 
acids were removed by electrocoagulation with an initial pH of 5, a treatment time of 60 
s, and an initial concentration of resin acids 125 mg/L (Vepsäläinen et al., 2011). 
Primarane type of resin acids showed effective removal efficiency than abietane types. 
According to Leiviskä and Rämö (2008), up to 92% wood extractives were selectively 
removed by short-chain cationic polyelectrolytes such as epichlorohydrindimethylamine 
copolymer (PAE) and polydiallyldimethylammonium chloride (Poly-DADMAC). 
Leiviskä et al. (2012) reported that chitosan alone removed 85–89% of the lipophilic 
wood extractives. Overall, coagulation of P&P mills wastewater removes 83–99.5% TSS, 
36.2–93% COD and 88–99.9% turbidity as shown in Table 2.5. 
Table 2.5: Coagulation of resin acids in pulp and paper mills wastewater 









pH = 3−8, Coagulant 
dosage = 0−2 g/L, 
Rapid mixing = 150 
rpm for 5 min, Slow 
mixing = 0−50 rpm for 
0−25 min. 
Raw board and paper 
mills effluent: pH = 
7.15, TSS = 841 mg/L, 
tCOD = 1453 mg/L 
TSS and COD 
removals of 86.9 
and 36.2%, 
respectively, at 
initial pH 5, 0.75 
g/L dosage, 10 rpm 
and 10 min slow-











Working volume of jar 
= 500 mL, pH = 6, 
Coagulant dosage = 
500 mg/L, Rapid 
mixing = 200 rpm for 2 
min, Slow mixing = 40 
rpm for 15 min, 
Settling time = 30 min 
Wastewater from 
equalization tank of 
tissue paper mills 
effluent: pH = 7.3−8.3, 
Turbidity = 4770 NTU, 
TSS = 5240 mg/L, 
tCOD = 3087 mg/L, 
sCOD = 318 mg/L 
99.9% reduction of 
turbidity, 99.5% of 
TSS removal and 









Alum Working volume of jar 
= 500 mL, pH = 6, 
Coagulant dosage = 
1000 mg/L, Rapid 
mixing = 200 rpm for 2 
min, Slow mixing = 40 
rpm for 15 min, 
Settling time = 30 min 
Wastewater from 
equalization tank of 
tissue paper mills 
effluent: pH = 7.3−8.3, 
Turbidity = 4770 NTU, 
TSS = 5240 mg/L, 
tCOD = 3087 mg/L, 
sCOD = 318 mg/L 
Turbidity reduction 
was 99.8%, TSS 
removal was 99.4% 










with very high 
molecular 
weight and low 
charge density 
Working volume of jar 
= 500 mL, pH = 6, 
Coagulant dosage = 
0.5−15 mg/L, Rapid 
mixing = 200 rpm for 2 
min, Slow mixing = 40 
rpm for 15 min, 
Settling time = 30 min 
Wastewater from 
equalization tank of 
tissue paper mills 
effluent: pH = 7.3−8.3, 
Turbidity = 4770 NTU, 
TSS = 5240 mg/L, 
tCOD = 3087 mg/L, 
sCOD = 318 mg/L 
 95% of turbidity 
reduction, 98% of 
TSS removal, 93% 
of COD reduction 
and sludge volume 
index (SVI) of 14 
mL/g at the 














Working volume of jar 
= 500 mL, pH = below 
9, Coagulant dosage = 
0.4−2 mg/L, Rapid 
mixing = 200 rpm for 2 
min, Slow mixing = 40 
rpm for 10 min, 
Settling time = 5 min 
Wastewater from 
equalization tank of 
tissue paper mills 
effluent: pH = 7 ± 0.5, 
Turbidity = 4585 ± 30 
NTU, TSS = 6000 ± 50 
mg/L, tCOD = 2900 ± 
90 mg/L, Zeta potential 
= −18 ± 1 mV 
 COD reduction 

















potential for this 
polyDADMAC 
at pH 7 was 
38.20 mV  
Working volume of jar 
= 500 mL, pH = below 
9, Dosage of PAM = 
0.4−2 mg/L, Rapid 
mixing = 200 rpm for 2 
min, Slow mixing = 30 
rpm for 10 min, 
Settling time = 5 min 
Wastewater from 
equalization tank of 
tissue paper mills 
effluent: pH = 7 ± 0.5, 
Turbidity = 4585 ± 30 
NTU, TSS = 6000 ± 50 
mg/L, tCOD = 2900 ± 
90 mg/L, Zeta potential 
= −18 ± 1 mV 
 83−97% of TSS 
removal at different 
dosages of PAM 
and constant 
polyDADMAC 
dosage at 1.2 mg/L, 
98% highest COD 
removal occurred at 











salts of iron and 
aluminum 
Optimum adjusted pH 
ranges were: 4.0–6.5 
for ferric chloride, 
above 7.4 for ferrous 
sulphate, 5.0–6.0 for 
aluminum chloride and 
5.8 to 6.8 for aluminum 
sulphate. 





effluent: pH = 7, tCOD 
= 2520−7930 mg/L, 
Total carbon (TC) = 
1065−3560 mg/L, 
Wood extractives = 
25−550 mg/L, Sulphate 
= 525−1565 mg/L, 
Sulphite = 10−30 mg/L 
Removal of TC, 
colour and turbidity 







Chitosan Working volume of jar 
= 600 mL, pH = below 
9, Dosage of PAM = 
0.4−2 mg/L, Rapid 
mixing = 400 rpm for 1 
min with kaolin in 
Milli-Q water. The 
chitosan solution was 
then immediately 
added. Slow mixing = 
50 rpm for 30 min, 
settling time = 30 min, 
Optimum dosage in the 
range of 30–85 mg/L 
based on turbidity 
Debarking wastewater 
from a Finnish pulp 
mill: very dark brown 
in color, 140–330 
μS/cm of conductivity, 
98–449 NTU of 
turbidity, 648–965 
mg/L of total organic 
carbon (TOC), 24–46 
mg/L of lipophilic 
extractives, 3–10 mg/L 
of lignins, 13–65 mg/L 
of other extractives and 
a pH of 4.7–6.2. 
Chitosan alone 
removed 85–89% 
of the lipophilic 
extractives. In the 

















was 10 mm. The 
voltage varied in 
the tests 
between 19 and 
28 V. 
Working volume = 600 
mL, and the applied 
current was varied 
from 1 A (7.1 mA/cm2) 
to 3 A (21.4 mA/cm2).  
Synthetic debarking 
wastewaters containing 
wood rosin, copper and 
pure resin acids: 
Pimaric acid (8%), 
Sandaracopimaric acid 
(1.7%), Isopimaric acid 
(3.1%), Palustric acid 
(20.7%), 
Dehydroabietic acid 
(30.6%), Abietic acid 
(22.4%), Neoabietic 




(97%) was obtained 
with an initial pH of 
5, a treatment time 
of 60 s, and an 
initial concentration 
of resin acids 125 
mg/L. Pimaric-type 






nen et al. 
(2011) 
Electrocoagulati








Working voluem = 2 L, 
pH = 8.3, The solution 
was continuously 
stirred at 225 rpm using 
a magnetic stirrer, 





primary clarifier at a 
Kraft paper mill 
located in southeast 
Texas, USA: pH = 
8.30, COD =530 ±6.3 
mg/L, Colour = 
650 ± 7.8 PtCo Scale, 
Conductivity = 
The removals of 
tannin/lignin and 
color were >70 % 



































+7−8 and +6.2 
meq/L  
Working volume of jar 
= 300 mL, pH = 5.5, 
Dosage of PAM = 
0.4−2 mg/L, Rapid 
mixing = 200 rpm for 1 
min, Slow mixing = 40 
rpm for 9 min, Settling 
time = 15 min, 
Optimum dosage = 
102–142 mg/L.  
Bleaching filtrates 
from Finnish kraft pulp 
mill: Fatty acids = 259 
mg/L, Resin acids = 
107 mg/L, Steryl esters 
= 8 mg/L, 
Triglycerides = 1 
mg/L, Lignans = 18 
mg/L 








2.4.2 Primary clarification 
Primary clarification of P&P mills wastewater may be achieved by either sedimentation 
or flotation. The Shotton Paper Mill in the UK utilizes dissolved air flotation before 
passing to secondary biological treatment (Thompson et al., 2001). Primary clarification 
of P&P mills wastewater removes more than 80% of the suspended solids (Saunamaki, 
1997), which was 70% of the total sludge produced in the mill (Elliott and Mahmood, 
2005). Due to much higher hydrophobicity, resin acids are potentially adsorbed on the 
solids of P&P mills wastewater and ended up in PS during primary clarification. A study 
reported that resin acids’ concentration was reduced by 55–69% during primary 
clarification due to adsorption on the solid phase of PS, and the amount of resin acids in 
PS was 0.1–4.9 mg/g dry weight in a Kraft P&P mill in Finland (Kostamo and Kukkonen, 
2003). 
2.4.3 Aerobic secondary treatment 
Aerobic treatment is mostly practiced in P&P industry to treat the effluents of primary 





is a biological process utilizing microorganisms to break down biodegradable organic 
matters in presence of air. This is followed by a settling tank (secondary clarifier) to 
allow the biological flocs to settle, thus separating the biological sludge from the clear 
treated water. The performance of different types of aerobic treatments of various P&P 
mills wastewater is presented in Table 2.6. The conventional lagoon and aerated 
stabilization basin (ASB) which are mechanically and naturally aerated are not effective 
in degradation of the compounds such as resin acids, LCFAs, lignin, mainly because of 
their size and complex structure; hence the complete degradation of such recalcitrant 
compounds remains elusive by this method (Kamali and Khodaparast, 2015). According 
to Makris and Banerjee (2002), the removal efficiency of resin acids in ASB system was 
almost 53% with 900 kW aerator and 30–40 days of hydraulic retention time (HRT). As a 
result, the biological sludge contains variety of wood extractives such as resin acids, 
LCFAs, volatile terpenes and tannins due to their hydrophobic nature. Among them resin 
acids are hardly biodegradable during the conventional aerobic treatment (Makris and 
Banerjee; 2002, Zender et al.; 1994), the removal efficiency of resin acids increased with 
increasing the power of aerator. 
The activated sludge system is more effective than lagoon and ASB; removed 94–99.9% 
resin acids from the effluent within 17–43 h of HRT as shown in Table 2.6, the COD 
removal was varied in the range of 54–93%. Following the replacement of aerated lagoon 
wastewater treatment system with activated sludge plant, the sedimentation of resin acids 
decreased by up to 70% (Leppanen et al., 2000). According to Kostamo and Kukkonen 
(2003), the amount of resin acids in WAS found in the range of 0.1–5.3 mg/g. Though it 
has not been determined in above studies whether the removal of resin acids is achieved 
by means of biodegradation or by adsorption. In fact, the removal of resin acids may be 
governed largely by partitioning onto the biomass due to much higher hydrophobicity of 
resin acids (Hall and Liver, 1996). Since resin acids are hydrophobic (log Kow 1.74–5.80), 
they are likely to be found in the sludge after secondary clarifications. 
However, energy consumption during aeration, cost intensive sludge treatment including 
dewatering, lower organic loading rate, and larger volume of reactor make the aerobic 





mills. Currently, most of the P&P mills dispose their dewatered WAS for landfilling and 
incineration (Meyer and Edwards, 2014), although incineration is not cost effective and 
releases dioxins and furans into the atmosphere. Landfilling, fertilizing, or storing of 
biosludge also release leachable contaminants that are mobilized during rainfall, is 















TSS = 40 mg/L, VSS = 34 
mg/L, PmA = 9.0%, AbA 
= 33.8%, DhA = 11.1%, 
isoP = 6%, Neoabietic acid 
= 11%, Palustric acid = 
22.4% 
Three full scale 
lagoons which are 
mechanically and 
naturally aerated 
HRT = 46 days, 
Dissolved O2 = 1.2 ppm, 
Mechanical aeration = 
260 kW, Mean depth = 3 
m 
Removal rate (g/kg VSS.d): PmA 
= 0.09, AbA = 0.49, DhA = 0, 
isoP = 0.09, Neoabietic acid = 







TSS = 29 mg/L, VSS = 23 
mg/L 
4.8 km long aerobic 
transport channel 
HRT = 5.4 days, 
Dissolved O2 = 5 ppm, 
Mechanical aeration = 0 
kW, Mean depth = 1 m 
Removal rate (g/kg VSS.d): PmA 
= 1.77, AbA = 3.46, DhA = 10.6, 
isoP = 0.08, Neoabietic acid = 
0.49, Palustric acid = 0 and 











oleic, and stearic acid) = 
9.6 ppm 




HRT = 30–40 days, 
Aerator = 900 kW, 
Total resin acids concentration 













oleic, and stearic acid) = 39 
ppm 
The 1.4×106 m3 
lagoon is curtained 
into three zones. 
2130 kW of tapered 
aeration with 80% of the 
aerators being located in 
the first zone. 
Total resin acids concentration 

















HRT = 17 h Total resin acids concentration 














DOC = 282 mg/L, AOX = 
258 kg/d, COD = 1658 
mg/L, OC = 34.9 mg/L, pH 
= 6.1, TS = 81 mg/L, Total 









-- Total resin acids concentration 
removed = 94%, COD = 78%, 







Resin acids = 100 g/t pulp, 
AOX = 0.19 kg/t pulp, 
COD = 57 kg/t pulp, 
Activated sludge 
system 
-- Resin acids removed = 96%, 










DOC = 267 mg/L, COD = 
1254 mg/L, OC = 40%, pH 
= 7.5, TS = 106 mg/L, 
Resin acids = 2.58 mg/L 
Activated sludge 
system 
HRT = 30 h Resin acids removed = 99%, 





Kraft and TMP 
pulping 
effluent 
DOC = 558 mg/L, COD = 
2210 mg/L, OC = 35.4%, 
pH = 7.5, TS = 219 mg/L, 
Resin acids = 35.6 mg/L 
Activated sludge 
system 
HRT = 42 h Resin acids removed = 94%, 








DOC = 698 mg/L, COD = 
2670 mg/L, OC = 43.9%, 
pH = 7.6, TS = 340 mg/L, 
Resin acids = 38.5 mg/L 
Activated sludge 
system 
HRT = 43 h Resin acids removed = 99.9%, 





TSS = Total suspended solids; TS = Total solids; VSS = Volatile suspended solids; DOC = Dissolved organic carbon; AOX = Adsorbable organic 






2.4.4 Anaerobic treatment 
Anaerobic treatment is an efficient way of stabilizing wastewater and solid waste due to 
the following advantages: (i) removal of COD anaerobically, (ii) decrease in the overall 
sludge volume by 30–70%, (iii) production of methane, (iv) easy operation, and (v) cost 
effective method. However, AD of P&P mills sludge is full of challenges (Meyer and 
Edwards, 2014). This is because the hydrolysis of lignocellulosic material and microbial 
cells is difficult. The structural and compositional properties of lignocellulose hold the 
cellulose and hemicellulose together due to their strong adhesive properties to form a 
rigid three-dimensional structure. Slow and incomplete hydrolysis requires high sludge 
retention times, large reactors, and ultimately high investment costs (Elliott and 
Mahmood, 2007). LCFAs and resin acids are very hydrophobic and usually sorbed on the 
solids within the anaerobic reactor (Meyer and Edwards, 2014) and create a physical 
resistance between substrate and microorganisms by encapsulating the substrate, thus 
constitute the major bottleneck to AD of sludge (Pereira et al., 2005). Moreover, wood 
extractives such as resin acids, LCFAs, volatile terpenes and tannins can be inhibiting to 
anaerobes during AD depending on their concentrations (Sierra-Alvarez et al., 1994). 
Rintala and Puhakka (1994) reported that resin acids are among the most cited anaerobic 
inhibitors. However, the study of AD of resin acids and other wood extractives in P&P 
mills wastewater/solid waste is very limited in the literature. Various threshold values of 
resin acids above which anaerobic inhibition occurs have been reported, which vary in 
the range 20-600 mg/L in pulping wastewater (Meyer and Edwards, 2014). Nevertheless, 
influent concentrations of resin acids are generally kept below 100 mg/L in full-scale 
expanded granular sludge bed (EGSB) reactors (Meyer and Edwards, 2014). In batch 
activity assays, Field et al. (1988) observed 50% inhibition of methanogenesis in the 
presence of 114 mg/L of AbA. McCarthy et al. (1990) reported 37% inhibition of 
methanogenesis with a combination of several resin acids at 160 mg/L (McCarthy et al., 
1990). The inhibitory effect of resin acids also depends on their degradability during 
anaerobic treatment. Dehydroabietic acid seems to be one of the most toxic resin acids 
(Sierra-Alvarez and Lettinga, 1990), and at the same time very little biodegradable. For 





anaerobic treatment, when only 10% DhA was removed by biodegradation (Andersen 
and Hallan, 1995). Hall and Cornacchio (1988) investigated 43 in-mill streams from 21 
Canadian P&P mills in terms of their digestibility using anaerobic toxicity and 
biochemical methane potential (BMP) assays (Hall and Cornacchio, 1988). The highest 
digestibility was found in wastewater from non-sulfur semi-chemical pulping and 
chemical recovery processes, and lowest digestibility was found from mechanical pulping 
and bleaching effluents. The performance of anaerobic treatments of P&P mills 
wastewater is presented in Table 2.7; above 30–50% COD removal occurred in 
mechanical and bleaching wastewater, whereas the COD removal varies in the range of 
60–85% in different types of chemical pulping wastewater. Total suspended solids (TSS) 
concentrations, resin acids (50–550 mg/L), and peroxides (100–600 mg/L) in bleached 
mechanical pulping wastewater caused the reduction of COD conversion (Habets and De 
Vegt, 1991; Andersen and Hallan, 1995; Driessen and Wasenius, 1994). High influent 
sulfate (200–500 mg/L), sulfide (50 mg/L), sulfite (50–400 mg/L) and adsorbable organic 
halides (AOX) (25 mg/L) caused inhibition in AD of various chemical pulping 
wastewater (Ali and Sreekrishnan, 2000; Kortekaas et al., 1998; Dalentoft and Jonsson, 
1994; Dufresne et al., 2001; Lin et al., 2014). It should be noted that majority of the wood 
extractives, lignin and hemicellulose are removed in chemical pulping. 
In Canadian P&P mills, the average PS to WAS ratio is 70:30 (Elliott and Mahmood, 
2005). However, this ratio can be highly variable among the individual mills (Stoica et 
al., 2009). The performance of AD of P&P mills sludge is presented in Table 2.8. Only 
one study was identified that has used PS as the only substrate. Bayr and Rintala (2012) 
used semi-continuously fed CSTRs to digest PS generated in P&P mills. Thermophilic 
AD of sole PS produced 190–240 mL CH4/g VS fed, indicating that biodegradable 
material within the PS degraded under reactor conditions. Anaerobic digestion of P&P 
mills WAS showed methane generation varied 50–120 mL/g COD fed, indicating that 
digestion was affected by the poor disintegration of biological flocs and inhibitory 
compounds present in the WAS. As a result, hydrolysis of complex organic substance can 
be impeded, making the anaerobic digester process slow and increasing sludge residence 
time and reactor volume, and contributing high investment costs (Wood et al., 2009; 





methane generation in the range of 95–185 mL CH4/g COD fed. Pretreatment of P&P 
mills sludge based on chemical, thermal, biological, and mechanical processes are the 
most common techniques in the literature (Elliott and Mahmood, 2005) to improve the 
hydrolysis. Among various pretreatment processes, oxidation with powerful oxidizing 
agents may be able to enhance the methanogenic activity of P&P mills wastewater and 





Table 2.7: Anaerobic treatment of P&P mills wastewater 
Chemical P&P mills wastewater 
Wastewater 
type/source 
Composition Pretreatment Reactor Reactor 
operating 
conditions 











TS: 4.2 g/L, 
TSS: 0.34 
g/L, 






packed with pall 
rings 
(38 mm×38 mm), 
- Working 
volume: 7.2 L, 
 
Temperature: 30 
± 2 °C, 
pH: 7.2, 




4 g/L influent) 
AOX: 28 mg/L, 
- BCWW, water 
and nutrient 








Effect of electron donors: 
chlorophenol degrading 
anaerobic bacteria  
Deshmukh 
et al. (2009) 
Diluted black 










Blanket (15 L) 
pH: 6.8 – 7.2 
COD: 1.4 g/L, 
BOD: 0.66 g/L, 
Ntotal: 0.024 g/L, 
Sulfide: 0.007 
g/L, 
Ptotal: 0.004 g/L 
Recirculation: 
HRT reduced 




75% - 78%  
Low biodegradability of the 
wood derivatives the COD 
removal efficiency did not 
increase. 
- Partial effluent recirculation 
improved mixing between the 





Black liquor  pH:8.8, 
TS: 31.5 g/L, 
VS: 17.4 g/L, 



















removal: 71%  
Methane: 
80%  
Black liquor supplemented 
with glucose increased the 












































Removal of inhibitors by 
microfiltration membrane 
alone was not sufficient 
because the concentration of 


















and on-site pilot 
testing using 




rate: 10 to 12 g 
COD/L. day, 













Undiluted condensates are 
toxic to the anaerobic biomass 





















rate: 14–18 kg 
COD/m3.day, 
F/M: 3 kg 













Internal circulation does not 
affect the upflow velocity in 
the upper part of the reactor.  
Driessen et 
al. (2000) 
Mechanical P&P mills wastewater 
Wastewater 
type/source 


























150 mL (137 g of 
effluent and  
10 mL 
inoculum), 









Wood extractives affected the 
overall methanogenic 
activity. 
Habets and De 
Vegt (1991) 
TMP COD: 4.1 g/L 













VSS loading: 20 
g/L 





activity: 1 g 
COD/g VSS. 
day. 
Removal of lignin was 45% 
 
Sierra-Alvarez 
et al. (1990) 
TMP COD: 4–7.2 
g/L, 
Resin acids: 
50 – 550 
mg/L, 







N/A COD removal: 
30–40%, 
Methane: N/A 















N/A COD removal: 
45–60%, 
Methane: 0.33 
m3/ kg COD 
removed 
A decline in methanogenic 
activity was assumed to be 
the presence of 
diethylenetriaminepentaacetic 
















N/A COD removal: 
55%, 
Methane: 0.40 
m3/ kg COD 
removed 
Peroxides and resin acids 
affected COD reduction. 
Andersen and 
Hallan (1995) 
TSS = Total suspended solids; TS = Total solids; TDS = Total dissolved solids; VSS = Volatile suspended solids; DOC = Dissolved organic carbon; AOX 






Table 2.8: Anaerobic treatment of P&P mills sludge 
Wastewater 
type/source 
Composition  Pretreatment Reactor Reactor operating 
conditions 
Performance Ref. 













VS loading rate: 1.0–1.4 
kg VS /m3. day, 
Detention time: 16–32 
days, 
 
COD removed: 25–40%, 





















VS loading rate: 1.0 kg VS 
/m3. day, 
Detention time: 25–31 
days, 
 
COD removed: 29–32%, 














Pilot scale  VS loading rate: 1.5–5.2 
kg VS/m3. day 
Detention time: N/A 
 
COD removed: 40% 
Methane: 220 mL/g VS 
fed, 
HRT decreased from 24 
















Detention time: 34 days 
HRT: 8 days 
VSS removed: 65% 
















Detention time: 34 days 
 
VSS removed: N/A 






















VS loading rate: 1.4 kg 
VSS/m3. day, 
Detention time: 20 days 
  
COD removed: 60% 
VSS removed: 58% 
Methane: 91 mL/g COD 
fed, 
SRT decreased from 20 























VS loading rate: 1.4 kg 
VSS/m3. day, 
Detention time: 20 days,  
F/M = 0.1, 
HRT: 21 h 
VSS removed: 29% 





















Detention time: 21 days VS removed: 23–34%, 




Saha et al. 
(2011) 
Bleached TMP 










Detention time: 21 days VS removed: 23%, 










2.4.5 Resin acids in biosolids 
Biosolids are solid organic matter recovered from the biological treatment of P&P mills 
wastewater and used as fertilizer. Biosolids may contain a wide range of potential 
contaminants and chemical composition should be characterised when considering land 
applications. P&P mills biosolids may provide a readily degradable source of carbon and 
provide substantial amount of nutrients to soil biota (Piearce and Boone, 1998). Nitrogen 
may be high or low in biosolids based on their wastewater source (Catricala et al., 1996). 
Other nutrient elements such as potassium, phosphorus, carbon and sulphur may also be 
available in biosolids (Zibilske et al., 2000). Biosolids can have much greater 
concentrations of resin acids than the effluent due to much lower water solubility of these 
hydrophobic molecules (Taverndale et al., 1997). 
There are also studies showing the detrimental effects of P&P mills biosolids in aquatic 
environments (Ali and Sreekrishnan, 2001; Jones et al., 2001) and to a lesser extent in the 
terrestrial environment (Jordan et al., 2002). Only one study investigated to identify the 
wood extractives in four different biosolids from two P&P mills in the North Island of 
New Zealand as shown in Table 2.9 (Fraser et al., 2009). Both mills have primarily used 
P. radiata as the wood furnish, have aerated stabilisation basins for effluent treatment, 
and bleach with 100% chlorine dioxide substitution. Mill-1 has both Kraft and TMP, 
whereas Mill-2 exclusively uses Kraft pulping. Fresh biosolids refers to those collected 
from a stabilisation lagoon which were drained for 14 days prior to use. Aged biosolids in 
Mill-1 were solid wastes that had been dredged from aerated stabilisation lagoons, 
drained, and then stockpiled for approximately twelve months in a landfill area as part of 
normal waste disposal operations carried out at the mill. In Mill-2, aged biosolids were 
collected from a treatment basin that had been discharged approximately two years 
previously and contained 81% higher resin acids compared to Mill-1 (Fraser et al., 2009). 
The total amount of resin acids in tested biosolids was varied in the range of 6.52–39.01 
mg/g of dry weight. However, the relationships between resin acids’ bioavailability, 
treatment technologies, the nature of P&P mills residual biosolids, and resident organism 





Table 2.9: Resin acids detected in P&P mills biosolids 
Resin acids 



















(Tavendale et al., 
1997)  
Pimaric acid 322 160 259 59.3 
Sandaracopimaric 
acid 
23 <1 21 -- 
Isopimaric acid 132 73 110 33.5 
Dehydroabietic acid 670 345 634 94.5 
Abietic acid 4559 2372 2488 109 
Pimarenic acid <1 310 252 17.2 
Sandaracopimarenic 
acid 
<1 460 431 -- 
Isopimarenic acid <1 275 292 14.9 
13-Abietenic acid 660 441 785 42.5 
Pimaranic acid <1 848 735 13.6 
Isopimaranic acid <1 370 308 -- 
Abietanic acid <1 1700 1328 230 
Seco-1-
dehydroabietic acid 
55 75 77 46.3 
Seco-2-
dehydroabietic acid 




5 108 108 -- 
7-Oxodehydroabietic 
acid 
73 10 16 -- 
Total resin acids 6524 7463 7720 1369.2 
“--”: Data are not available in the literature 
2.4.6 Tertiary treatment of resin acids 
In mill tertiary processes for further treatment of P&P effluent after primary and 
biological processes are intermittent (Thompson et al., 2001). Even after biological 
treatment, the effluent from P&P mills may contain higher strength of organic carbons; 





Final concentrations of resin acids in secondary P&P effluents are in the range of 0.004–
2.4 mg/L (Belmonte et al., 2006). As mentioned in Table 2.3, the toxicity level (96 h–
LC50) of resin acids on aquatic biota was varied from 0.02 to 1.7 mg/L depending on the 
size of the creatures. As a result, the difficulties faced by the P&P mills relate to residual 
COD, toxicity and colour. Several advanced treatment processes such as adsorption, often 
in combination with coagulation were utilized in the stage of pretreatment to eliminate a 
range of toxic constituents from P&P mills effluents besides removing colour and COD 
(Table 2.10).  Various physio–chemicals and advanced oxidation treatment processes of 
residual wood extractives in P&P mills effluents are described in this section. 
Adsorption 
Various adsorbent such as activated charcoal, fuller’s earth, and coal ash are applied by 
Murthy et al. (1991) to remove color of P&P mills secondary effluent. Shawwa et al. 
(2001) used activated coke in bleached effluent to remove >90% COD and AOX 
Activated carbon and ion exchange were applied to remove colour and chlorides from 
secondary effluent of Union Camp Pulping Facility at Franklin for reusing purpose 
(Sullivan, 1986). Das and Patnaik (2000) used blast furnace dust and slag to remove 
80.4% and 61% lignin, respectively. Powdered activated carbon was continuously added 
into the aerated activated sludge reactor (PACT™ process) as investigated by Narbaitz et 
al. (1997) in which AOX from Kraft mill effluent was removed efficiently to meet 
Canada’s regulation (0.8 kg Cl per air dried metric ton of paper production). Yang et al. 
(2013) reported 80% of the equilibrium adsorption capacity of resin acids in the calcined 
Mg/Al Hydrotalcite (CHT) as an adsorbent at pH 6.8 and 323 K. Tetrametylammonium 
(TMA) and Hexadecyltrimethylammonium (HDTMA) cations were applied to Na+ 
saturated zeolites (clinoptilolite, heulandite, chabazite) to remove DhA at pH 7.25 
(Bouffard and Duff, 2000). HDTMA cations enhanced the adsorption capacity of 
heulandite and chabazite by twenty-fold while 100% DhA was removed. 
Membrane separation 
The separation performance of membrane was mainly dependent on the composition of 





this treatment technique was effective to remove AOX and COD from P&P mills effluent 
(Zaidi et al., 1992, Afonso and Pinho, 1991, Falth, 2000). De Pinho et al. (2000) 
conducted a comparison study to evaluate the effectiveness in between ultrafiltration and 
ultrafiltration coupled with dissolved air flotation. Ultrafiltration removed 54%, 88%, 
100% of TOC, color, and SS, respectively. Ultrafiltration associated with dissolved air 
flotation removed 65%, 90% and 100% of TOC, color, and SS, respectively. Around 88% 
and 89% BOD and COD was removed by reverse osmosis as reported in Dube et al. 
(2000). According to Merrill et al. (2001), membrane filtration, and granular membrane 
filtration were utilized to eliminate heavy metals from a P&P mill secondary effluent. 
Spevack and Deslandes (1996) used poly vinylidene fluoride (PVDF) to separate DhA 
ranging from 10-1000 mg/L. They mentioned that DhA adsorbs inhomogeneously on the 
surface of PVDF. Gonder er al. (2012) used ultrafiltration membrane at pH 10, 25 °C, 
and 6 bars transmembrane pressure to achieve 83%, 97%, 89%, and 50% removals of 
total hardness, sulfate, COD, and conductivity, respectively from a P&P mill secondary 
effluent. Puro et al. (2011) reported ultrafiltration process of CTMP wastewater to 
remove resin acids (330–770 mg/L) and fatty acids (110–420 mg/L). Fatty and resin acids 
contributed on an average about 80% of the fouling in the membranes even though their 
part of the feed was 50%. Ultrafiltration was able to retain 70–90% of resin acids and 
fatty acids (Dal-Cin et al., 1996; Elefsiniotis et al., 1997). 
Advanced oxidation 
Various advanced oxidation processes (AOPs) such as photocatalysis with O2/ZnO/UV, 
O2/TiO2/UV, O3 and O3/UV were utilized in Kraft pulping bleaching effluent to degrade 
the phenolic and polyphenolic compounds (Balcioglu and Ferhan, 1999) where the 
removal efficiency was largely reliant on the strength of COD and chlorides below a 
certain level. In another study (Perez et al., 2002), Fenton and photo–Fenton processes 
were applied combinedly in bleaching Kraft mill effluent, which was found very 
effective. Fenton's reagent was incorporated in ozone reactor as reported in Hassan and 
Hawkyard (2002), they achieved 100% removal of color at a pH of 4–5. Lucas et al. 
(2012) reported that solar photo–Fenton (Fe2+/H2O2/UV) treatment reduced 90% COD 





Fungi solar photo-Fenton (Cryptococcus and Fe2+/H2O2) removed >90% COD and 90% 
DOC from P&P mill effluent with 1802 mg/L COD and 820 mg/L DOC (Fernandes et 
al., 2014). Solar photocatalytic degradation (TiO2/UV) removed 75% COD, and 80% 
TSS from P&P mill effluent with initial COD of 2075 mg/L, and TSS of 1165 mg/L 
(Ghaly et al., 2011). UV oxidation in the presence of H2O2 utilizing TiO2 as photocatalyst 
removed over 90% AOX from bleached Kraft mill effluent at pH 8.5, 135×103 kW UV, 
45×103 L H2O2 and, 112.0 kg TiO2 (Ugurlu and Karaoglu, 2009). 
Among various oxidation processes, ozonation is easy to apply and retrofit in traditional 
wastewater treatment, especially dealing with recalcitrant organics with the two strongest 
oxidizing agents: ozone and hydroxyl radicals (Erden and Filibeli, 2011; Carballa et al., 
2007; Alvares et al., 2001; Weemaes et al., 2000). Oeller et al. (1997) utilized ozonation 
to treat P&P mills effluent, when higher removal efficiency of COD and DOC was 
achieved. Ozone treatment removed about 90% of ethylenediaminetetraacetic acid 
(EDTA) and 65% of COD (Korhonen et al., 2000). Freire et al. (2000) used ozonation for 
60 min in bleached P&P effluent and obtained 12%, 70%, and 35% reduction of TOC, 
total phenols, and effluent colors, respectively. Higher dosages of ozone (100–300 
mg/dm3) were applied in TMP wastewater by Laari et al. (2000), and they reported 50% 
removal of lipophilic wood extractives. Ozone doses of 0.2 mg O3/mg COD fed reduced 
over 90% resin acid (Korhonen and Tuhkanen, 2000). Torrades et al. (2001) used 
heterogeneous photocatalysis and ozone treatments in bleached Kraft P&P mill effluent 
with higher removal efficiency of TOC, COD, AOX, and color. Ozonation of resin acids 
in aqueous solution removes >90% of the total resin acids with increasing applied ozone 
dose up to 0.3–0.5 mg O3/mg COD fed (Ledakowicz et al., 2006). In comparison with 
other resin acids, DhA was found to be the most resistant (maximum of 50% reduction) 
to ozone degradation (Chow et al., 1999). 




Operating conditions Performance References 






Adsorbent: Calcined Mg/Al 
Hydrotalcite (CHT), Resin acids: 
Abietic acid, pH = 6.8, Adsorption 
capacity = 434.78 mg/g at 323 K, 
80% of the equilibrium 
adsorption capacity of the 
original CHT was achieved after 
five use cycles 





(HDTMA) cations, applied to Na+ 
saturated zeolites (clinoptilolite, 
heulandite, chabazite), Resin acids: 
Dehydroabietic acid (40 mg/L), pH 
= 7.25, 
HDTMA cations improved the 
DhA uptake capacity of 
heulandite and chabazite by 
twenty-fold, ensuring 100% 
removal of DHA. 
Bouffard and Duff 
(2000) 
 
Adsorbent: Charcoal (dose 0.4 g/L 
and pH 2.0), Coal ash (dose 12 g/L 
and pH 2.0), and Fuller earth (dose 
4 g/L and pH 2.0), Colour of P&P 
mill effluent (Pt-Co) = 3.9 mg/L 
Colour removal = 98.13 - 99.21% Murthy et al. 
(1991) 
 
Adsorbent: Ion exchange resin and 
granular activated carbon 
72% and 76% reductions in 
dissolved organic carbon by 
using ion exchange resin and 
granular activated carbon, 
respectively. 
Ciputra et al. 
(2010) 
 
Adsorbent: Activated coke (dose 
15,000 mg/L), P&P mill effluent 
COD = 2126 mg/L, and AOX = 
80.2 mg/L 
COD and AOX removal = >90% Shawwa et al. 
(2001) 
Membrane separation   
 
Membrane type: Poly (vinylidene 
fluoride) (PVDF), Resin acids: 
Dehydroabietic acid (1000, 250, 
100, 50, 10, and 1 mg/L) 
Adsorbed dehydroabietic acid on 
PVDF membranes from solution 
concentrations ranging from 10-
1000 mg/L. Dehydroabietic acid 
adsorbs inhomogeneously on the 




Biologically treated P&P 
wastewater by ultrafiltration 
membrane, operating conditions 
(pH 10, temperature 25 °C, and 
transmembrane pressure 6 bar) 
Achieved 83%, 97%, 89%, and 
50% removals of total 
hardness, sulfate, COD, and 
conductivity, respectively. 
Gonder er al. 
(2012) 
 
Ultrafiltration of CTMP process 
waters, Resin acids = 330-770 
mg/L, Fatty acids = 110-420 mg/L 
Fatty and resin acids contributed 
on an average about 80% of the 
extractive fouling in the 
membranes even though their 
part of the extractives in the feed 
was 50% 
Puro et al. (2011) 
 
Ultrafiltration of P&P mills 
effluent, Resin acid and fatty acids 
= 432 mg/L, pH = 5.7, 
Transmembrane pressure from 345-
1,035 kPa 
High TOC retentions (96%) were 
obtained with the Desal 5 
membrane with a flux of 82 
L/m2/h at 1035 kPa, and 50°C, 
Ultrafiltration membranes 
removed 70-90% of the resin and 
fatty acids. 







Ultrafiltration of CTMP mill 
effluent, Resin acid = 11.4-29.2 
mg/L, Fatty acids = 6-18.2 mg/L, 
pH = 6.90-7.55, Transmembrane 
pressure = 138 kPa 
The retention of fatty acids was 
over 90% while the resin acid 
retention was 25–45% 
Elefsiniotis et al. 
(1997) 
 
Ultrafiltration and Nanofiltration of 
P&P mill effluent, Resin acids: 
Dehydroabietic acid 
COD removal = 85-90%, AOX 
removal = 85-96%, 
Dehydroabietic acid retentions = 
40-90% 
Zaidi et al. (1992) 
 
Dissolved air and Ultrafiltration of 
P&P mill effluent (TOC = 1747 
mg/L) 
TOC removal = 90% De Pinho et al. 
(2000) 
Advanced oxidation   
 
Ozonation of resin acids (pimaric, 
abietic, and dehydroabietic acids) 
aqueous solution, Ozone dose = 
0.1–0.7 mgO3/ mg COD 
Resin acids removal = >90%, 
The toxicity of ozonated resin 
acids solutions decreased with 
increasing applied ozone dose up 
to about 0.3–0.5 mg O3/mg COD 
Ledakowicz et al. 
(2006) 
 
Ozone oxidation of resin acids in 
debarking, TMP, and newsprint 
machine circulation waters, Ozone 
dose = 0.2-0.5 mg O3 /initial mg 
COD, pH = 4-5, COD = 1500-
10000 mg/L 
Total resin acids removal = over 
90% at ozone dose 0.2 mg 




Ozonation of TMP effluent, 
Dehydroabietic acid = 3.9 mg/L, 
pH 7-8.5, Concentration of ozone = 
36 mg ozone/L 
Among the various resin acids, 
dehydroabietic acid was found to 
be the most resistant (50% 
reduction) to ozone degradation. 
Chow et al. (1999) 
 
UV oxidation in the presence of 
H2O2 utilizing TiO2 as 
photocatalyst of bleached Kraft 
mill effluent, AOX concentration = 
3-11 mg/L 
AOX removal = over 90% at pH 
8.5, 135 × 103 kW UV, 45 × 103 





(Fe2+/H2O2/UV), Initial COD of 
P&P mill effluent = 898.9 mg/L, 
DOC = 348 mg/L 
COD removal = 90%, DOC 
removal = >90% 
Lucas et al. (2012) 
 
Fungi solar photo-Fenton 
(Cryptococcus and Fe2+/H2O2), 
Initial COD of P&P mill effluent = 
1802 mg/L, DOC = 820 mg/L 
COD removal = >90%, DOC 
removal = 90% 
Fernandes et al. 
(2014) 
 
Solar photocatalytic degradation 
(TiO2/UV), Initial COD of P&P 
mill effluent = 2075 mg/L, TSS = 
1165 mg/L 
COD removal = 75%, TSS 
removal = 80% 






2.5 Knowledge gaps in literature 
• Published research on the degree of partition of resin acids in P&P mills sludge is 
limited. 
• No comprehensive studies are found on the anaerobic degradation of resin acids.  
• There is no study on the effect of pretreatment of resin acids on anaerobic 
digestibility. 
2.6 Conclusions 
Almost 90% more resin acids in P&P mills wastewater come from the mechanical 
pulping processes compared to chemical pulping. Resin acids are partially removed by 
the conventional wastewater treatment facilities in P&P mills. Poor biodegradability and 
association with fiber or biomass and subsequent settling must be considered as a 
significant route of those compounds from water to solid fractions such as sludge and 
biosolids. The solid fractions can have much greater concentrations of resin acids than the 
effluent due to much higher log Kow ~6.0 and varied from 6.52 to 39.01 mg/g of dry 
solids. Among the various physicochemical treatment techniques, electrocoagulation 
removed maximum 97% resin acids from P&P mills wastewater. Though, replacement of 
electrodes, precipitation from reduced metals and hydroxides, electricity demands make 
the process impractical. The replacement of aerated lagoon wastewater treatment with 
activated sludge system reduced the sedimentation of resin acids by up to 70%, and this 
treatment process removed 94–100% resin acids from primary effluent. Though it has not 
been determined in above studies whether the removal of resin acids is achieved by 
means of biodegradation or by adsorption. In fact, the removal of resin acids may be 
governed largely by partitioning onto the biomass due to much higher hydrophobicity. 
However, energy consumption, cost-intensive sludge dewaterability, lower organic 
loading rate, and larger volume of reactor make the process more challenging especially 
for high strength organic wastewater from P&P mills. Anaerobic digestion of P&P mills 
wastewater and sludge may play a large role in this context because they do not require 
cost-intensive dewatering and generate variety of valuable end products at the end. On 
the other hand, resin acids are the most cited anaerobic inhibitors. Though, there are very 





advanced oxidation processes may reduce the resin acids’ load prior to anaerobic 
treatment. Future research should focus on the resin acids’ digestibility with different 
types of P&P mills solid waste, suitable anaerobes selection to consume resin acids 
particularly, microbial adaptation, degradation pathways, and inhibitory effect of their 
transformation by-products on anaerobes. 
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Chapter 3  
3 Anaerobic digestibility of resin acids in primary sludge: 
Effect of ozone pretreatment 
3.1 Introduction 
At the current rate of consumption, the annual global production of paper and paperboard 
will increase to 500 million metric tonnes (MMT) by 2025 (Kokko et al., 2018; Bajpai, 
2015). Asian industries produce the highest amount of (182 MMT) pulp, paper, and 
paperboard, followed by Europe (106 MMT) and North America (85 MMT) (Bajpai, 
2015). The primary raw materials for the production of pulp and paper (P&P) vary 
depending on the types of woods and non–woody materials available locally. P&P mills 
consume approximately 200–1000 m3 water per ton of paper production (Kamali et al., 
2016). Based on the raw materials and the employed manufacturing processes, P&P 
industries release relatively large amounts of both wastewater (90–130 million litres per 
day) and solid wastes (Kamali and Khodaparast, 2015). The options of recycling water 
within the plants are limited due to the accumulation of corrosive and odor–producing 
chemicals affecting the process equipment and quality of paper, respectively (Walden, 
1976). Depending on the pulping processes, nature of wood, and efficiency of wastewater 
treatment processes, different types of compounds such as wood–derived carbohydrates, 
lignin derivatives, organochlorine compounds (chlorinated phenols, catechols, guaiacols, 
dioxin, and furan) and extractive compounds such as resin acids, fatty acids, phytosterols, 
and phenols are released in P&P wastewater (McMartin, 2003; LaFleur and Barton, 1997; 
Suntio et al., 1988; Kringstad and Lindstrom, 1984). 
Several studies demonstrated the toxic effects of P&P mill effluent on fish populations 
such as genetic changes (Munkittrick et al., 1997) and impaired liver function (Oikari and 
Nakari, 1982). Among various toxic compounds, including chlorinated organics in the 
P&P effluent, 60–90% of the toxicity was attributed to resin acids alone (Nestmann, 
1985; Leach and Thakore, 1976). The concentration range of resin acids in P&P effluent 





chemical pulping (Meyer and Edwards, 2014), while the 96 h LC50 for resin acids ranges 
from 0.4 to 1.7 mg/L for rainbow trout (McLeay, 1987). 
Treatments of P&P mills wastewater produce a large amount of sludge from primary and 
secondary clarifiers. Due to much higher hydrophobicity (log Kow 1.74–5.80), resin acids 
are likely to be partitioned onto the solids of P&P mills sludge, which is finally treated 
using anaerobic digestion (AD). AD of P&P mills sludge is an attractive alternative due 
to the capability to handle higher organic loading, lower biomass yield (saving reactor 
volume), and potential useful end products (energy and biofertilizer). Several batch 
studies were conducted to digest P&P mills sludge with specific methane yields in the 
range of 30–200 mL/g VSfed without pretreatment (Bayr et al., 2013; Elliott and 
Mahmood, 2012; Park et al., 2012; Karlsson et al., 2011; Saha et al., 2011; Wood et al., 
2010; Puhakka et al., 1992). The presence of inhibitory compounds, hydrolysis of 
lignocellulosic materials and complex organic matters are the main bottlenecks in the 
digestion of P&P mills’ sludge resulting in long sludge residence time associated with 
large reactors and high investment costs. Earlier studies have indicated that resin acids 
are the potential AD inhibitors in the concentration range of 114–330 mg/L resin acids 
mixture (Patoine et al., 1997; Kennedy et al., 1992; McCarthy et al., 1990; Sierra-Alvarez 
and Lettinga, 1990). Resin acids are very hydrophobic and usually sorbed on the solids 
within the anaerobic reactor and create a physical resistance between substrates and 
microorganisms; thus, make the other substrates inaccessible for enzymatic hydrolysis 
(slower hydrolysis rate) besides toxic effects on anaerobes (Pereira et al., 2005). The 
negative effect of resin acids was measured as the slower initial rate of methane 
production and lower volume of methane production per day. An earlier study mentioned 
that the biodegradability of dehydroabietic acid during anaerobic treatment of P&P mill 
effluents was less than 10% in a granular sludge bed reactor (Meyer et al., 2016). As a 
result, pretreatment is required to enhance the anaerobic digestibility of P&P mills sludge 
(Elliott and Mahmood, 2007). 
Pretreatment using ozonation, thermal–alkaline hydrolysis, ultrasound, microwave, and 
cation exchange resin (CER)–induced hydrolysis are the most common pretreatment 





(Zhao et al., 2020; Toutian et al., 2020; Li et al., 2020; Rayes-Contreras et al., 2020; Kor-
Bicakci et al., 2020; Pang et al., 2020, Chawla et al., 2014; Dhar et al., 2012) and P&P 
mills sludge (Veluchamy and Kalamdhad, 2017; Saha et al., 2011; Wood et al., 2009). To 
the best of our knowledge, the effect of pretreatment on anaerobic digestibility of resin 
acids has never been reported. It is hypothesized that oxidative pretreament such as 
ozonation of resin acids will cause cleavage of the tricyclic rings making them more 
water–soluble for higher uptake by the microorganisms resulting in the better AD of the 
resin acids. Among the various advanced oxidation methods producing hydroxyl radicals 
in–situ, ozonation is easy to retrofit in traditional wastewater treatment plants and found 
to be cost–effective (Erden and Filibeli, 2011; Carballa et al., 2007; Alvares et al., 2001; 
Weemaes et al., 2000; Sarkar et al., 2014; Müller et al., 1998). 
Currently, the P&P mills sludge is first dewatered before landfilling or incineration. 
Handling of sludge in both ways is cost–intensive and can include half of the total 
wastewater treatment costs (Kantardjieff and Jones, 2000). The positive effect of 
pretreatment on anaerobic digestibility of P&P sludge would translate to increased 
handling rate and better–stabilized sludge without the potential leaching out of resin acids 
from land–applied biosolids. 
The main objective of this study is to evaluate the effect of ozone pretreatment on 
anaerobic digestibility of resin acids in primary sludge (PS), which was never studied. 
Initially, the ozonation of model resin acids spiked in Milli–Q water is conducted at 
various ozone doses (0–1.5 mg O3/mg tCOD) and pH (5–11) to determine the 
degradation kinetics. Thereafter, anaerobic digestibility of the model resin acids is tested 
in batch assays. Finally, anaerobic digestibility of both untreated model resin acids and 
ozonated resin acids spiked in municipal PS is determined. The partition of resin acids on 
PS has not been reported; thus, batch adsorption of test resin acids is also conducted at 
pH 4–8 to determine the extent of partition of resin acids on municipal PS. 
3.2 Materials and methods 
A mixture of resin acids comprising of 18% pimaric acid (PmA), 19% dehydroabietic 





(ODhA) was obtained from VWR International Co. (Mississauga, ON, Canada) with 90% 
purity. The properties of the selected resin acids are shown in Table 3.1. Aqueous 
solutions of phosphate buffers (0.01 M) were prepared using different mass ratios of 
monobasic and dibasic potassium phosphate in Milli-Q water. 
Organic solvents such as methanol (distilled–in–glass grade), dichloromethane (HPLC 
grade), and mirex (internal standard) were obtained from Caledon Laboratories 
(Georgetown, ON, Canada). Derivatization agent N, O–Bis (Trimethylsilyl) 
trifluoroacetamide (BSTFA) was obtained from Supelco (Oakville, ON, Canada). 
Ultrapure water (Conductivity of 18 MΩ) was obtained from Millipore water systems 
(Billerica, MA). SupelcleanTM ENVI–18 SPE cartridge (Sigma Aldrich, ON, Canada) 
tube with a bed weight of 500 mg and a volume of 4 mL was used for the extraction of 
resin acids. PS was collected from the Greenway Pollution Control Plant located in 
London (ON, Canada). Anaerobically digested seed sludge was collected from the 
primary anaerobic digester at the Stratford Wastewater Treatment Plant (Stratford, ON, 
Canada). Ozone (O3) was produced by an ozone generator (model TG–40, Ozone 
Solution, IA, USA) using compressed oxygen (ultra–pure) at a pressure of 15 psi. O3 in 
the gas phase was measured using an ozone analyzer (model UV–100, Eco Sensors, 
Newark, California, USA). 
Table 3.1: Properties of the studied resin acids 
Resin 
acids 
log Kow  
(Merilainen et al., 
2007; Kamaya et al., 









Merilainen et al., 
2007; Kamaya et 
al., 2005) 
Molecular 
weight (g/mole) 2 
DhA 1.74  5.11  5.77  300.44 
PmA 4.90  2.17  4.68 1 302.46 
isoP/AbA --/5.80 1.70/2.75  6.40/6.40  302.45 
ODhA --   2.00 4.60 314.40 
1 Data obtained from European Molecular Biology Laboratory-European Bioinformatics Institute  
(available at: https://www.ebi.ac.uk/chembl/compound_report_card/CHEMBL1410398/) 
2 Data obtained from PubChem (available at: https://pubchem.ncbi.nlm.nih.gov/compound/Abietic-acid) 





3.2.1 Analytical methods 
The total suspended solids (TSS) were analyzed according to the standard APHA 
methods (Rice et al., 2012). Soluble parameters were analyzed after filtering the samples 
through 0.45 𝜇m membrane filters. The total and the soluble chemical oxygen demand 
(tCOD and sCOD) were measured using HACH (Method 8000), while pH was measured 
using Oakton pH meter (Eutech Instruments, IL, USA). Solid–phase extraction (SPE) 
was used to extract resin acids for analysis in water. The sludge samples were centrifuged 
at 4000 g for 10 min (Sorvall RC 5B Superseed Centrifuge, DU Pont Instruments, USA). 
The samples were then filtered through 0.45 𝜇m glass microfiber binder–free filter papers 
(Whatman, GE Health care, USA); subsequently, the 5 mL filtrate was passed through 
Envi18 SPE cartridges at an optimized flow rate of about 1 mL/min. The SPE extract was 
concentrated (Turbo Vap II, Caliper Life Sciences, MA, USA) under a gentle stream of 
nitrogen at 45 °C and 11–12 psi. The extracted sample was subjected to solvent exchange 
with dichloromethane (DCM) and concentrated further to 1 mL, and 0.5 mL was used for 
derivatization prior to injection in the GC–MS. The recovery from the SPE cartridges was 
determined by direct injection of the known mass of resin acids in water using solvent 
extraction and derivatization. The recovery was 65±7.42%, 89±7.35%, and 91±6.11% 
depending on the extraction solvent volume 2 mL, 5 mL, and 10 mL, respectively. Since 
increasing volume by two times, only 2% increase in recovery occurred, a volume of 5 
mL DCM was used as an optimum volume to conduct the liquid–liquid extraction of 
resin acids. Resin acids from the sludge solids were extracted using a Soxhlet extractor. 
The solid phase was frozen (–20 °C) for a day, and then it was lyophilized for 48 h to 
remove moisture in the solid. About 150 mL of DCM with 4–5 reflux cycles/h was used 
for extraction of the organics from the solids for a total duration of 16–18 h. The extract 
was concentrated using the same method applied for aqueous samples, as described 
above. Prior to GC–MS analysis, 100 𝜇L of BSTFA and mirex were added to the samples 
in GC vial. The samples were incubated at 60 °C for 30 min in an oven (ED 53–LL, 
Binder, Tuttlingen, Germany). The analysis was performed using a gas chromatograph 
(GC–2010, Shimadzu) coupled with a quadrupole mass spectrometer (GCMS–QP2010S, 
Shimadzu) equipped with an auto–injector (AOC 5000, Shimadzu). Chromatographic 





column of 25 m × 0.2 mm i.d. (film thickness of 0.33 𝜇m) obtained from Agilent 
Technologies (CA, USA) in splitless mode. Helium was used as the carrier gas at a 
column flow rate of 1.5 mL/min. Injector and interface temperatures were 280 °C and 
300 °C, respectively. GC oven temperature was held at 100 °C for 2 min and then raised 
to 300 °C (4 min) at a rate of 8 °C/min (ramp). The ion source temperature was at 250 °C. 
The retention times for PmA, isoP/AbA, DhA, ODhA, and mirex were 19.78, 20.04, 
20.43, 22.3, and 22.1 min, respectively. 
3.2.2 Experimental methods 
3.2.2.1 Partition experiments 
Resin acids are extremely hydrophobic and sorb strongly onto solid surfaces such as pulp 
fibre, suspended solids, and biomass in treatment plants (Nyren and Back, 1958). It is 
expected that at P&P mills, resin acids will adsorb mostly on PS. PS from municipal 
wastewater was used in this study as it was readily available. The VSS/TSS ratio and 
tCOD of PS collected from the local wastewater treatment plant were 0.72±0.56 and 16–
18 g/L, respectively close to the reported P&P mills’ VSS/TSS ratio of 0.60–0.69 and 
tCOD of 13–53 g/L depending on the pulping processes (Veluchamy and Kalamdhad, 
2020; Granstrom and Montelius, 2014; Priadi et al., 2014; Jokela et al., 1997; Puhakka et 
al., 1988). The kinetics of partition of resin acids on municipal PS was determined using 
a series of sacrificial batch experiments. About 250 mL of PS was spiked with 150 mg/L 
of resin acids (a mixture of five resin acids with different proportions) and was stirred at 
250 rpm for 20 h on a 4000 Bench–top Orbital Shaker (Thermo Scientific). The initial 
concentrations were chosen based on the average concentration of resin acids found in 
P&P mill effluents (Xie et al., 2010; Habets and De Vegt, 1991; Field et al., 1988). PS 
was thermally treated at 80 °C for 45 min to inactivate the sludge to eliminate the effect 
of any biodegradation during partitioning trials. The experiments were conducted in 
duplicates, and the samples were collected at regular intervals of 10 min, 30 min, 1 h, 5 h, 
and 20 h. 
Since the kinetic experiments (results shown in Figure 3.1) indicated rapid partition of the 
resin acids on the sludge, the equilibrium partitioning of resin acids was studied by 





test resin acids at pH 4–8 and mixed continuously for one hour in the orbital shaker; these 
experiments were conducted in triplicate. The solid-water partition coefficient (Kd) of 
resin acids in municipal PS is shown in the following equation: 
𝐾𝑑 =  𝑆 𝐶⁄           (1) 
where S is the amount of resin acids partitioned in TSS (mg/g), C is the liquid phase resin 
acids concentration (mg/L). 
3.2.2.2 Ozonation of resin acids 
Ozone (gas–phase concentration = 2200 ppm, flow rate = 4.2 L/min) was bubbled 
through the solution. The rate of O3 supply in the reactor was 18.3 mg/min. The 
concentrations of O3 in the liquid phase (Milli–Q water) were measured to determine the 
exact dosage. O3 concentrations in Milli–Q water were measured by using 
decolourization of potassium indigotrisulfonate at various pH. The sulfonated indigo 
molecule contains only one C=C double bond, which reacts with one mole of O3 and 
decolourizes indigo. The absorbance of decolourized indigo solution was measured using 
a UV–Vis spectrophotometer (Model–Cary 60; Agilent technologies, CA, USA). 2200 
ppm of O3 input in gas phase was measured using an O3 analyzer and was supplied in 500 
mL Milli–Q water for 90 min (saturation of the solution with ozone). About 2 mL sample 
(aliquot) from the reactor was collected at different time intervals to measure the O3 
concentration in the liquid phase (mg/L) at pH 5, 8 and 11. O3 concentration in solution 
did not increase after 30 min of continuous supply reaching a steady state. Then the 
aliquots (2 ml ozonated Milli–Q water) were put into the test tubes with 2 mL of indigo 
solution for different time interval (initially, each test tube contains 2 mL and 60 mg/L of 
indigo solution). Figure A6 represents that the solubility of O3 decreased by almost 67% 
when pH was increased from 8 to 11 (Appendix A). 
O3 is unstable in solution depending on the solution pH (Vandersmissen et al., 2008). For 
example, O3 concentration in Milli–Q water was about 1.3 mg/L below pH 8 at the above 
feed rate of 18.327 mg/min and was only 0.5 mg/L at pH 11. Gardoni et al. (2012) also 
found that faster decomposition of O3 occurs at pH ≥ 9.5. At higher pH ozone forms 






 – → HO2
– + O2                                                                  (2) 
O3 + HO2
– → •OH + O2•
– + O2                                                        (3) 
Ozonation experiments were performed in a 750 mL batch reactor with resin acids (150 
mg/L) in both Milli–Q water and municipal PS (Figure 3.1). Prior to ozonation, 
municipal PS (tCOD = 17.85±1.62 g/L) was diluted with Milli–Q water to reduce the 
effect of background organics on spiked resin acids during ozonation. The initial tCOD of 
the diluted municipal PS and resin acid solution was 2.95±0.023 g/L. The reactor 
contents were thoroughly mixed using a magnetic stirrer (VMS–C7; VWR International, 
USA), and O3 was bubbled continuously in the reactor through a round shape diffuser 
(inner diameter 8.9 cm with nine small holes) located at the bottom of the reactor. The 
ozonation experimental data were fitted with first–order kinetics model (Equation (4)). 
 ln (𝐶 𝐶0
⁄ ) = − 𝑘𝑡         (4), 
where, 𝐶 = Concentration (mg/L) of resin acids remained at time, t 
𝐶0 = Initial concentration of resin acids at time, t = 0 min 
𝑘 = First-order reaction rate constant (min–1) 
Ozone dose was varied from 0–1.5 mg O3/mg tCOD in this study. About 5 mL samples 







 for GC–MS analyses following extraction procedures detailed in 






Figure 3.1: Ozonation of resin acids spiked in Milli-Q water/municipal primary 
sludge 
3.2.2.3 Anaerobic batch digestion 
Batch AD was conducted at 38 °C in 600 mL serum bottles with 200 mL headspace using 
Automatic Methane Potential Test System (Bioprocess Control Sweden AB, 
Scheelevägen 22, SE–223 63 Lund, Sweden). Resin acids and municipal PS were utilized 
as substrates, and anaerobically digested seeds sludge (VSS = 14.27±0.42 g/L) was 
added as a source of microorganisms. Initially, the total solids (TS), volatile solids (VS), 
total COD (tCOD) and soluble (sCOD) of the municipal PS were 13.55±0.74 g/L, 
4.35±0.48 g/L, 17.85±1.62 g/L, and 4.30±0.15 g/L, respectively. The experiments were 
conducted in duplicate with regular monitoring of TS, VS, tCOD, sCOD, pH, resin acids’ 
concentration, and methane production. The biodegradability and AD tests were 
conducted with a mixture of resin acids with a total concentration of 150 mg/L. Initially, 
the methanogenic activity of resin acids was tested in Milli–Q water with microorganisms 
(seeds) at food to microorganism (𝑆0 𝑋⁄ ) ratio of 0.5 𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄ , where 𝑆0 indicates 
the initial amount of substrate (𝑔 𝑡𝐶𝑂𝐷) and 𝑋 represents the amount of biomass (𝑔 𝑉𝑆𝑆) 
in the digester. The 𝑆0 𝑋⁄   ratio was obtained by measuring the COD of substrates (resin 


















150 mg/L) were spiked in municipal PS and ozonated for 20 min (0.52 mg O3/mg tCOD). 
The ozonated and non–ozonated resin acids in municipal PS were incubated with the 
anaerobic consortium of microorganisms (seeds) at 𝑆0 𝑋⁄  ratio of 0.5. Additionally, 
control digestion (without ozonation and absence of resin acids) was also conducted with 
only municipal PS and incubated with seeds (𝑆0 𝑋⁄  ratio of 0.5). 
3.3 Results and discussions 
3.3.1 Partition of resin acids on primary sludge 
The kinetics of resin acid adsorption on municipal PS are illustrated in Figure 3.2. The 
supernatant concentrations of the resin acids after centrifugation of sludge samples are 
plotted with contact time. The tests were conducted with 16.82±0.72 g TSS/L at pH 5.36. 
Rapid sorption of resin acids on municipal PS occurred as the equilibrium was 
established within an hour. At equilibrium, about 80±9% of the resin acids were on the 
solid phase. At equilibrium, the mass of resin acids in aqueous and solid phases was 
analyzed to determine the accuracy of the experiments (Table 3.2). The average recovery 
of resin acids after liquid and solid–phase extraction of sludge sample was 89±4%, and 
about 10% loss in resin acids occurred during various extraction steps as described in the 
analytical section. 
Table 3.2: Mass of resin acids partitioned into solid and aqueous phases of 
municipal PS at equilibrium 
Resin acids 
Initial mass (mg) spiked 
in primary sludge 
Mass (mg) in solid 
phase at equilibrium 
Mass (mg) in liquid 
phase at equilibrium 
PmA 0.264 0.221±0.009 0.034±0.013 
DhA 0.280 0.232±0.028 0.018±0.004 
isoP/AbA 0.514 0.435±0.036 0.023±0.009 







Figure 3.2: Concentration of resin acids in the aqueous phase during partitioning 
experiments with municipal primary sludge (pH = 5.36 and TSS = 16.82±0.72 g/L). 
Initial concentrations of PmA, DhA, isoP/AbA, and ODhA were 26.44, 27.98, 51.42, 
and 43.96 mg/L, respectively. Data presented are an average of duplicates 
Typically, suspended particulates in wastewater are negatively charged; Guangyin and 
Youcai (2017) reported negative surface charge of PS with the zeta potential of 
−12.6±1.4 mV at 25 °C. However, at 80 °C, the zeta potential decreased to −18.0±1.6 
mV due to the cell disruption by thermal treatment, releasing biopolymers, and some 
inorganic species. The increase in the biopolymers caused an increase in negative surface 
charge (Guangyin and Youcai, 2017). In this work, PS was sterilized prior to the batch 
adsorption experiments, and the surface of solids is expected to be negative. The acid 
dissociation constants (pKa) of the tested resin acids vary from 4.6 to 6.4 and remain 
mostly protonated at pH below 6. Therefore, hydrophobic interaction possibly is the more 
dominant mechanism for adsorption of resin acids on the sludge. AbA and isoP with a 
very high octanol–water coefficient showed the highest adsorption on the solids. The 
partition coefficient of resin acids in municipal PS was determined by conducting the 







































partitioning model (Equation (1)) was fitted to the data presented in Figure 3.3. The 
calculated Kd values are summarized in Table 3.3. 
Table 3.3: Partition coefficients of resin acids in municipal primary sludge at 
different pH 
Resin acids 
Solid-liquid partition coefficient, Kd (L/g)*  
Thermally treated primary sludge 
pH = 4 pH = 5.36 pH = 8 
PmA 0.476 0.238 0.011 
DhA 0.563 0.498 0.091 
isoP/AbA 0.963 0.740 0.213 
ODhA 0.414 0.214 0.008 






























Figure 3.3: Partition of resin acids in municipal primary sludge (TSS = 16.82±0.72 
g/L). (a) pH = 4, (b) pH = 5.36, and (c) pH = 8; Data presented are average of 
triplicates 
It can be seen that the adsorption of resin acids is stronger at low pH with higher partition 













































mainly due to hydrophobic interactions. As the pH increased to 5.36, deprotonation of 
PmA and ODhA occurred, and lower adsorption on solids occurred due to repulsion 
between the negatively charged surface and deprotonated carboxylic anion of the resin 
acids. Further increase in pH (> 5.36), which is above the pKa of all test compounds, 
significant reduction in adsorption due to higher hydrophilicity occurred. Overall, the Kd 
of PmA, DhA, isoP/AbA, and ODhA decreased by 97%, 84%, 78%, and 98%, 
respectively, at pH 8 compared to that at pH 4. Typical pH range of thermo–mechanical, 
sulfite, and Kraft P&P mills wastewater is 4–4.2 (Kamali and Khodaparast, 2015), 2.5–
5.9 (Pokhrel and Viraraghavan, 2004), and 8–10.5 (Pokhrel and Viraraghavan, 2004), 
respectively. Based on the reported pH values of effluents from various P&P mills, it can 
be anticipated that resin acids will be mostly on the solid phase of thermo–mechanical 
and sulfite chemical P&P mills effluents, and mostly in the water phase of Kraft P&P 
mills effluent. 
3.3.2 Kinetics of ozonation of resin acids 
Resin acids degradation by ozone was performed at pH 5, 8, and 11 in Milli–Q water. 
The experimental data followed first–order kinetics at all pH (Figure 3.4). Almost 
complete degradation of isoP/AbA occurred at 40 min (O3 dose = 1.0 mg O3/mg tCOD) 
and PmA occurred at 60 min (1.5 mg O3/mg tCOD) at pH 11. Due to the presence of 
aromatic ring in DhA and ODhA, the rate of degradation was comparatively lower for 
DhA and ODhA with 66% and 58% degradation, respectively, at a dose of 1.5 mg O3/mg 
tCOD. Ozone can react with the organic compounds in water via two pathways (El–Din 
et al., 2006): direct oxidation by molecular O3 and indirect action through a variety of 
highly effective oxidative radicals, including hydroxyl radical (Equation (3)). It can be 
seen that the degradation of resin acids increased with the increasing pH. At elevated pH 
(> 10) hydroxide ions (OH–) react with O3 to produce a super–oxide anion radical (O2•
–) 
and a hydroperoxyl radical (HO2•), which further react to form ozonide anion radical 
(O3•
–) that decomposes to a hydroxyl radical (•OH) (Munter, 2001); hydroxyl radical is 
the second–most oxidizing agent. 
In an earlier study, > 90% reduction of resin acids occurred in aerated vessels containing 





with ozone dose in the range of 0.1–0.7 mg O3/mg tCOD (Ledakowicz et al., 2006). In 
this study, O3 dose was around 0.74 and 1.48 mg O3/mg tCOD to obtain > 90% reduction 
of isoP/AbA and PmA spiked in PS at pH 11, respectively. However, DhA and ODhA 
required > 1.5 mg O3/mg tCOD dose to obtain 90% reduction. In comparison with the 
ozonation of resin acids in Milli–Q water at pH 11, a small reduction in the degradation 
rate of resin acids in PS (Figure 3.4) occurred due to the presence of other organic 
compounds in sludge which competed for ozone. The sCOD of PS increased by 
48.6±5.3% after an hour of ozonation due to the solubilization of particulate COD. No 
significant difference in the rate of degradation of ODhA was observed between 
ozonation in Milli–Q water and PS at pH 11. Overall, the ozonation of resin acids in PS 




























































































Figure 3.4: Kinetics of ozonation of resin acids spiked with Milli–Q water and 
municipal primary sludge (tCOD = 2.52±0.0176 g/L, and sCOD = 0.64±0.0181 g/L): 
(a) PmA, (b) DhA, (c) isoP/AbA, and (d) ODhA at different pH. Data presented are 
an average of duplicates 
3.3.3 Anaerobic biodegradability of resin acids in Milli-Q water 
As shown in Figure 3.5, there was no significant biodegradation of resin acids in Milli–Q 
water by the anaerobic microbial consortium, and the mass of resin acids remained 
constant in both solid and liquid phases. On day 5, there was only a 5–11% degradation 
of resin acids in the liquid phase and remained constant till day 30. While there was no 
biodegradation of the resin acids in the batch digestion, about 22–34% reduction in VS 
and 32–36% reduction in tCOD occurred from anaerobically digested sludge (seeds) in 
the digester. In the batch digestion, the cumulative methane production was only 






























Figure 3.5: Biodegradation of resin acids in Milli–Q water using anaerobically 
digested sludge (seeds). Data presented are an average of duplicates 
3.3.4 Effect of ozonation on anaerobic digestibility of resin acids 
Figure 3.6(a) and 3.6(b) show the anaerobic degradation of resin acids spiked in 
municipal PS in non–ozonated and ozonated digesters, respectively. Ozonation at 20 min 
(0.52 mg O3/mg COD) decreased the initial mass of PmA, DhA, isoP/AbA, and ODhA 
by 72%, 58%, 70%, and 51%, respectively compared to non–ozonated digester. In both 
cases, there was essentially no biodegradation of resin acids which were mostly 
partitioned onto the solids. About 15–20% of biodegradation occurred for the resin acids 
in the liquid phase, indicating that resin acids were mostly recalcitrant. Quantifying the 
resin acids’ mass in solid and liquid phases, the Kd values of PmA (0.031±0.0032 L/g), 
DhA (0.142±0.0075 L/g), isoP/AbA (0.236±0.0139 L/g), and ODhA (0.013±0.0023 
L/g) at pH 7 were quite comparable with the values determined earlier in batch 
adsorption studies indicating similarity in the surface characteristics of the solid biomass 
during digestion. Initially, soluble COD of control digester and non–ozonated resin acids 
spiked municipal PS digester was around 247 mg/L and 398 mg/L, respectively 
(wastewater quality parameters (tCOD, sCOD, pH, TS, and VS) are provided in Table A1 




































38.4 mL, respectively, as shown in Figure 3.6(c). The tCOD removal and VS reduction in 
control digester was 31% and 25%, respectively, with a corresponding methane yield of 
135 mL CH4/g tCODfed. These results are in agreement with the methane production in 
AD of municipal PS when 132–140 mL CH4/ g tCODfed were reported (Gavala et al., 
2003; Lu et al., 2008; Elbeshbishy et al., 2012); the control AD performed as expected. In 
the presence of 150 mg/L resin acids, methane production was reduced by 28% when 
only 103 mL CH4/g tCODfed was produced. After ozonation, sCOD of the ozonated 
digester increased by 31±2.5% at ozone dose 0.52 mg O3/mg tCOD. Although 50–70% 
degradation of resin acids occurred due to ozonation besides hydrolysis of complex 
organics in sludge which increased the sCOD. The methane production in the ozonated 
digester was 176 mL CH4/g tCODfed. In comparison with ultrasound, microwave, and 
chemo–thermal pretreatment techniques used for pulp and paper mill sludge, the methane 
yield in this study was 32% higher for ozonated digester. At the optimum operating 
conditions of other pretreatment methods of WAS from P&P mills using 900 mg/L 
NaOH followed by 83,000 kPa pressure for chemo–mechanical, 20 kHz, 400 W and 90 
min for sonication, and 2450 MHz, 1250 W, and 175 °C for microwave treatment of, a 
methane yield of 100 mL/g tCODfed, 110 mL/g tCODfed, and 120 mL/g tCODfed was 
obtained, respectively (Saha et al., 2011). The absolute values of methane production in 
control, non–ozonated resin acids, and ozonated resin acids are shown in Figure 3.6(c). 
The increase in gas production in ozonated digester due to increase in soluble COD due 
to solubilisation of complex organics. The biodegradability of remaining resin acids in 
the ozonated digester was insignificant; however, increased gas production indicated that 







































































Figure 3.6: Biodegradation of resin acids during anaerobic batch digestion: (a) non–
ozonated digester, (b) ozonated digester. (c) Methane production in ozonated, non–
ozonated, and control digesters. Data presented are an average of duplicates 
3.4 Conclusions 
In this work, the fate of model resin acids in municipal PS and anaerobic digestion was 
evaluated. Resin acids were mostly partitioned onto the solids of sludge, and the extent of 
partition increased with a decrease in pH below pKa of the resin acids. The liquid to 
solids distribution coefficient, Kd, of PmA, DhA, isoP/AbA, and ODhA increased by 
97%, 84%, 78%, and 98%, respectively at pH 4.0 compared to that of pH 8.0. This is 
particularly relevant for thermo–mechanical and sulfite P&P mills where the pH of 
wastewater varies between 2.5–5.9. Control biodegradation study of both ozonated and 
non–ozonated resin acids using anaerobic seed or microbial consortium showed 
negligible degradation of resin acids over 30 days. Although, there was no lag in the 
methane production, the presence of resin acids at 150 mg/L reduced methane production 
by around 24% compared to the control digester, and there was insignificant removal of 











































0.52 mg O3/mg COD dose reduced 50–70% resin acids’ load in the digester; no further 
biodegradation of resin acids occurred in the digester. Furthermore, resin acids in the 
range of 45–75 mg/L in ozonated digester increased methane production. Additionally, 
ozonation at 0.52 mg O3/mg COD increased sCOD by 31±2.5% due to the hydrolysis of 
complex organics. Therefore, selection of powerful oxidizing agents with suitable 
dosages and operating condition can play an important role to increase in resin acids’ 
degradation efficiency and methane production. Engineering implications of this study 
are more relevant for thermo–mechanical and sulfite P&P mills sludge where the 
majority of resin acids is partitioned in PS, and ozonation would reduce the inhibitive 
effect of high concentration of resin acids on methane production. 
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Chapter 4  
4 Effect of ferrate pretreatment of resin acids on 
anaerobic digestibility of primary sludge 
4.1 Introduction 
Typically, Canada’s pulp and paper (P&P) industries discharge 90-130 million litres per 
day of wastewater (Kamali and Khodaparast, 2015). The pulp and paper wastewater 
characteristics vary depending on the pulping techniques and raw ingredients (Pokhrel 
and Viraraghavan, 2004). Depending on the raw materials and pulping methods, various 
types of toxic compounds such as resin acids, fatty acids, and chlorinated phenols are 
released with P&P mills wastewater (LaFleur, 2020; McMartin, 2003; Suntio et al., 1988; 
Kringstad and Lindstrom, 1984). Resin acids are the primary 60–90% toxicity 
contributors (Nestmann & Lee, 1985; Leach and Thakore, 1976). A study found that 50% 
of the rainbow trout population was lethally affected when subjected to 0.4-1.7 mg/L 
resin acid concentration under 96 hours exposure time (Ali & Sreekrishnan, 2001). The 
reported lethal concentration is much lower than the resin acid concentration range (10 to 
10000 mg/L) in P&P wastewater (Meyer and Edwards, 2014); thus, it is important to 
understand the fate of the resin acids in P&P wastewater prior to disposal to freshwater 
bodies. 
Typical P&P wastewater treatment involves primary treatment using clarifiers, secondary 
treatment using activated sludge, and liquid-solid separation. Both processes generate 
primary and secondary sludge, while most resin acids settle during the primary treatment 
and remain within the primary sludge.  Resin acids are mainly adsorbed onto the solid 
phase of P&P mills’ sludge because of their extreme hydrophobic nature (log Kow ~1.74–
5.80). The sorption characteristics of resin acids on PS, WAS, and river sediment was 
determined in a few investigations (Judd et al., 1995; Hall and Liver, 1996; Tavendale et 
al., 1997; Ramanen et al., 2010; Das et al., 2021). Resin acids’ sorption on the solids of 
PS was pH-dependent; the solid-liquid partition coefficient (Kd) decreased by 78 to 98%, 





The sludge with the resin acids then will be thickened and are commonly incinerated or 
disposed of in landfills, which are not economically and environmentally favourable 
(Kantardjieff and Jones, 2000). Alternatively, the sludge could be digested anaerobically, 
as in the case of municipal sludge, which showed 30–70% sludge reduction and 
generation of energy (Meyer and Edwards, 2014). However, resin acids above 100 mg/L 
inhibited the anaerobic microbes in several batch toxicity studies (Sierra-Alvarez and 
Lettinga, 1990; McCarthy et al., 1990; Kennedy et al., 1992; Patoine et al., 1997; Rintala 
and Puhakka, 1994), as shown by the decrease on the initial rate of methane production. 
Besides anaerobic inhibition, the strong sorption properties of resin acids may be 
responsible for creating a barrier between microorganisms and substrates. As a result, 
additional biodegradable substrates are unavailable for hydrolysis and microbial 
consumption (Pereira et al., 2005). Slow hydrolysis of substrates causes high sludge 
retention times, large reactors, and ultimately high investment costs (Elliott and 
Mahmood, 2007). 
Pretreatment induced hydrolysis of wastewater sludge using various mechanical and 
thermal (Li et al., 2020; Dhar et al., 2012; Rayes-Contreras et al., 2020), chemical 
methods such as ozonation (Zhao et al., 2020), ultrasound (Zhao et al., 2020; Dhar et al., 
2012; Rayes-Contreras et al., 2020; Chawla et al., 2014), microwave (Kor-Bicakci et al., 
2020), and thermal–alkaline (Toutian et al., 2020) were reported to improve the anaerobic 
digestibility of wastewater sludge. Similarly, thermal (Wood et al., 2009; Veluchamy and 
Kalamdhad, 2020), chemo-mechanical (Saha et al., 2011), thermal-alkaline (Wood et al., 
2009), ultrasonic (Saha et al., 2011; Wood et al., 2009), and microwave (Saha et al., 
2011) pretreatments were applied prior to the AD of P&P mills waste activated sludge. 
The specific methane yields from P&P mills WAS varied from 50 to 120 mL/g CODfed 
(Wood et al., 2010; Saha et al., 2011; Elliott and Mahmood, 2012). Hydrothermal, high–
pressure homogenization, and microwave pretreatments enhanced methane generation to 
91–185 mL/g CODfed. According to Bayr et al. (2013), hydrothermal pretreatment of 
WAS alone or combined with enzymatic or ultrasound treatment increased methane yield 
by 31%. However, the majority of the enhanced hydrolysis may not have much to do 
with resin acids as their concentration in WAS is minimal. In a study by Das et al. (2021), 





acids and improved methane gas production by about 42% with a substantially high 
ozone dose of 0.52 mg O3/mg tCODfed. 
Oxidation of resin acids causes the cleavage of tricyclic rings, making them more water-
soluble and accessible for the anaerobic consortia. Among the various oxidants, ferrate 
(Fe (VI)), FeVIO4
2, oxidation is being increasingly utilized for the removal of various 
contaminants in various effluents (Jiang et al., 2013; Manoli et al., 2019a; Manoli et al., 
2019b; Lee et al., 2009; Jiang et al., 2006; Zhu et al., 2006; Yuan et al., 2002) and 
wastewater sludge (Zhang et al., 2012; Wu et al., 2015; Ye et al., 2012). Ferrate has high 
oxidation/disinfection power and can coagulate colloidal particles, leading to 
simultaneous removal of particulate COD, other harmful organics and metals. By 
applying Fe (VI), oxidative and coagulating capacity is generated, allowing simultaneous 
hydrolysis and coagulation of sludge. Thus, the ferrate addition not only oxidizes a 
product but may also increase the sludge’s flocculation and dewaterability. However, the 
performance of Fe (VI) oxidation of resin acids spiked in PS on anaerobic degradability 
is not yet investigated and will be addressed in this research. Initially, Fe (VI) oxidation 
was conducted in Milli–Q water spiked with model resin acids to determine the 
degradation kinetics and suitable oxidation conditions to be applied for sludge 
pretreatment. Subsequently, municipal PS spiked with model resin acids was treated at 
optimum pH and contact time with a varied Fe (VI) dosage ranging from 0.034–0.119 mg 
Fe (VI)/mg tCODfed. Finally, the anaerobic digestibility of the model resin acids spiked in 
municipal PS was examined in batch biomethane potential tests of pretreated and 
untreated digesters. 
4.2 Materials and methods 
4.2.1 Resin acid, wastewater sludge and seed sludge sources 
Resin acids such as abietic/isopimaric acid (AbA/isoP) and dehydroabietic acid (DhA) 
commonly originate from tree resin with higher concentrations. These two compounds 
are the most cited anaerobic inhibitors in the literature (Patel et al., 1991; Kennedy et al., 
1992; Sierra-Alvarez and Lettinga, 1990; McCarthy et al., 1990; Field et al., 1988). As a 





AbA/isoP was used to assess the oxidative efficiency of Fe (VI) on resin acids and their 
subsequent anaerobic digestibility of primary sludge. Resin acids are highly hydrophobic, 
and the log Kow varies from 1.74–5.8 (Das et al., 2021). Details on the type of resin acids 
used, their extraction and analysis procedures adopted were similar to the one reported in 
Das et al. (2021). 
The preliminary oxidation performances of resin acids were conducted with Milli-Q 
water (18 MΩ). The total carbon content in Milli-Q water spiked with tested resin acids 
was determined in TOC–VCPH/CPN analyser (Shimadzu Corporation, Nishinokyo–
Kuwabaracho, Nakagyoku, Kyoto, Japan). Monobasic and dibasic potassium phosphate 
(Fisher Chemical (New Jersey, USA)) was utilized for preparing buffer solution with 
Milli-Q water. Aqueous solutions of phosphate buffers (0.01 M) were prepared at pH 6.0, 
7.0 and 8.0 using different mass ratios of monobasic and dibasic potassium phosphate in 
Milli–Q water. 
Municipal PS and anaerobically digested sludge (ADS) were obtained from the local 
wastewater treatment plant. The ratio of VSS to TSS and tCOD of the municipal PS were 
0.75±0.07 and 16–31 g/L, respectively, and are comparable with the reported P&P mills’ 
sludge (Das et al., 2021). Fe (VI) in the form of K2FeO4 (> 98%) was synthesized 
utilizing a wet chemical method (Sharma et al., 2015). The sludge quality parameters 
(TS, VS, TSS, VSS, tCOD and sCOD) were sampled per the experimental plan and 
analysed per the methodology described in Das et al. (2021). 
4.2.2 Fe (VI) oxidation of resin acids 
A certain amount of the solid K2FeO4 was incorporated in a beaker (with 50 mL working 
volume) containing a mixture of diluted primary sludge spiked with resin acids to 
conduct the oxidation performance of Fe (VI) (Figure B3 in Appendix B). The oxidation 
test was performed at varying Fe (VI) dosages from 25–55 mg/L (0.085–0.189 mg Fe 
(VI) dosage/mg tCODfed), pH from 6.0 to 8.0, and reaction time 10–30 min. Table B1 
(Appendix B) shows the Box–Behnken design with three additional repeat experiments 
(Exp. No. 2, 3 and 12). The coded values: –1 (low), 0 (medium), and +1 (high) represents 





experimental design. The resin acids degradation (%D) performance was analysed, and 
an optimal condition of each three parameters was obtained. The quadratic model was 
utilized (Equation (1)) to determine the optimal conditions (Ghafari et al., 2009 and Das, 
2017). The coefficient, R2 defines the quality of the polynomial model fit with 
experimental data. 
𝑌 =  𝜕0 +  ∑ 𝜕𝑖𝑋𝑖
𝐾𝑛
𝑖=1 +  ∑ 𝜕𝑖𝑖𝑋𝑖
2𝐾𝑛





+ ⋯ + 𝑒   (1) 
Where 𝜕 represents the regression coefficients, 𝑋 represents the experimental design 
parameters, Kn defines the number of parameters, and 𝑒 represents the random errors 
associated with the equation. 
4.2.3 Anaerobic batch digestion 
A batch anaerobic digestibility study was conducted using an automatic methane 
generation system (Das et al., 2021).  The VSS of the ADS sludge (16.66±0.53 g/L) and 
the sCOD (2.73±0.39 g/L), tCOD (15.70±1.14 g/L), VS (10.62±0.85 g/L) and TS 
(14.38±0.61 g/L) of the municipal PS were measured to determine the required feed (PS) 
to microorganism (ADS) ratio. The digestion was conducted at food to microorganism’s 
ratio (𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄ )  of 0.5. The digestion primarily includes two control experiments 
(Control-I and control-II), two test experiments (pretreated and untreated digester) and 
one baseline experiment; all experiments were conducted in duplicates. The baseline 
experiment was conducted to assess the methane production from the seed sludge (ADS). 
Control-I and -II digesters were fed non-pretreated and pretreated municipal PS 
(pretreatment was conducted with 1216 mg/L of Fe (VI) for 20 minutes (0.076 mg Fe 
(VI) dosage/mg tCOD), respectively. The pretreated and untreated digestion were 
conducted using non-pretreated and pretreated (0.076 mg Fe (VI)/mg tCODfed) resin 
acids spiked municipal PS. Untreated resin acids in municipal PS were incubated with 
ADS to evaluate AD’s performance in the presence of resin acids (untreated digester). 
Treated resin acids in primary sludge were also incubated with ADS (pretreated digester) 
to measure the impact of Fe (VI) pretreatment on the anaerobic digestibility of resin 
acids. As mentioned earlier, the Fe (VI) concentrations were reasonably higher (1052–





varied from 0.034 to 0.119 mg Fe (VI)/mg tCODfed, very similar to the dosages used in 
control oxidation experiments conducted in Milli–Q water. 
4.3 Results and discussions 
4.3.1 Kinetics of Fe (VI) oxidation of resin acids 
Oxidation of resin acids was conducted by adding 5–10 mg of potassium ferrate 
(K2FeO4), equivalent to 1.5–3 mg of Fe (VI), into the 50 mL of buffered Milli–Q water 
spiked with resin acids (100 mg/L). Initial Fe (VI) concentrations in the buffer solution 
were varied ranging from 25–55 mg/L (0.085–0.189 mg Fe (VI) dosage/mg tCODfed) at 
pH 7.0. Figures 4.1(a) and 4.1(b) show that Fe (VI) dosage had a substantial influence on 
the oxidation of resin acids; with the increase of Fe (VI) dosage, the degradation of resin 
acids increased. When Fe (VI) dosage was increased from 25 mg/L (0.085 mg Fe 
(VI)/mg tCODfed) to 40 mg/L (0.137 mg Fe (VI)/mg tCODfed), almost complete 
degradation of AbA/isoP, and 72% degradation of DhA occurred after 20 min of reaction, 
and the rate of degradation was increased by around 80% as shown in Figure B4. 
However, the degradation of DhA was limited by 40 mg/L of Fe (VI). The complete 
degradation of DhA occurred at 30 min of reaction while Fe (VI) dosage was further 
increased to 55 mg/L (0.189 mg Fe (VI)/mg tCODfed). The rate of degradation of DhA 
was lower by 18–20% compared to AbA/isoP (Figure B4), likely due to the aromatic ring 
in DhA structure. In comparison with ozonation of tested resin acids (150 mg/L in total) 
spiked in Milli–Q water (Das et al., 2021), almost complete degradation of resin acids 
occurred at relatively higher dosages of O3 (1.0–1.5 mg O3/mg tCODfed) at a pH 11.0 
compared to ferrate dosages applied in this study. It is worth noting that part of this 
difference may be due to the different operating parameters, such as the pH. Fe (VI) can 
react with the organic compounds in water via one–electron or two-electron transfer (Lee 
et al., 2014). It was reported in several studies that the molar ratio of Fe (VI) to 
micropollutants varied within the range from 1.0 to 22.0 to achieve 60–100% removal of 
the pollutants such as ciprofloxacin (Jiang et al., 2012), glycine (Noorhasan et al., 2010), 
aniline (Yates et al., 2014), propranolol (Anquandah et al., 2013), and phenolic 
endocrine-disrupting chemicals (Lee et al., 2005; Lee et al., 2009) in deionized and lake 





compounds. In this study, [Fe (VI)]:[AbA/isoP] and [Fe (VI)]:[DhA] in spiked in Milli–Q 
water (phosphate buffer solution) were 1.1 and 3.8, respectively, to achieve complete 
degradation of AbA and DhA at pH around 7.0. 
 
 
Figure 4.1: Kinetics of Fe (VI) treatment of resin acids in Milli–Q water (phosphate 
buffer solution): effect of Fe (VI) dosage at pH 7.0 (a) AbA/isoP, and (b) DhA. Data 
presented are an average of triplicates. Initial concentrations of AbA/isoP and DhA 
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2− based on the solution pH as shown in Equations (2), (3) and (4) (Karim et al., 
2020). Among them, H2FeO4 and HFeO4
− were reported as unstable species of Fe (VI) 
(Karim et al., 2020; Manoli et al., 2017b). Based on the pKa shown in Equations (3) and 
(4), most of the Fe (VI) exist as FeO4
2− in the alkaline environment, which is stable; 
however, HFeO4
− is the dominating species in neutral conditions. According to the 
speciation studies (Karim et al., 2020), Fe (VI)’s protonated form (i.e., HFeO4
−) 
attributed 50% of the ionic distribution at pH 7.0. 
H3FeO4
+ ⇆ H+ + H2FeO4; pKa = 1.60       (2) 
H2FeO4 
 ⇆  H+ + HFeO4−; pKa = 3.50       (3) 
HFeO4
−  ⇆ H+ + FeO42−; pKa = 7.30       (4) 
The oxidation potential of Fe (VI) was found more substantial as the pH of the solution 
decreased; however, Fe (VI) decreased its stability at pH < 6.0 due to self–decay (Manoli 
et al., 2017a; Graham et al., 2004). According to Li et al. (2005), the HFeO4
− species 
predominate in mildly acidic conditions. In this study, the impact of pH (6.0, 7.0 and 8.0) 
on the oxidation performance of resin acids in phosphate buffer solution was 
accompanied using 40 mg/L of Fe (VI). The experimental data followed second-order 
kinetics at all pH, as shown in Figure B5 (Appendix B). As shown in Figure 4.2, the 
degradation efficiency of isoP/AbA increased slightly from 91 to 95% and remained 
same for DhA at around 66%, after 20 min of reaction with Fe (VI) when pH was 
increased from 6.0 to 7.0. Though Fe (VI) is more active at pH 6.0 compared to pH 7.0, 
resin acids are comparatively non–dissociated and protonated in aqueous solution at pH 
below 7.0 (pKa ~ 6.4), and interactions between protonated resin acids and protonated 
species of Fe (VI) are less effective at pH 6.0 due to possible electrostatic repulsion. 
Therefore, the % degradation of tested resin acids decreased slightly by 31–39% at pH 
6.0 compared to pH 7.0. Whereas at pH 8.0, the degradation efficiency of resin acids 
decreased by almost 53–76% compared to pH 7.0 as the protonated species of Fe (VI), 
the most reactive form, decreased with increasing pH from 7.0 to 8.0. According to 






− possess more significant spin density on the oxo–ligands than 
that of FeO4
2− species. Moreover, the alkyl groups in organic compounds were releasing 
electrons, enhancing the reaction with HFeO4− (Sharma, 2013), which indicates methyl 
groups in resin acids have more possibility of interacting with HFeO4
− species at pH 6.0 
and 7.0 compared to pH 8.0. As a result, the more substantial oxidation potential of Fe 
(VI) was found in this study, when HFeO4
− predominates in the solution at pH 6.0 and 
7.0. The effect of pH was slightly higher for DhA. The following section discusses the 























Figure 4.2: Kinetics of Fe (VI) oxidation of resin acids in phosphate buffer solution 
at a Fe (VI) dosage of 40 mg/L: effect of pH (a) AbA/isoP, and (b) DhA. Data 
presented are an average of triplicates. Initial concentrations of the mixture of 
AbA/isoP and DhA were 78 mg/L and 22 mg/L, respectively 
4.3.2 Optimization of Fe (VI) oxidation of resin acids 
The process variables such as Fe (VI) dosage (mg/L), pH and reaction time (minute) were 
optimized based on the oxidation efficiency (response) of tested resin acids using Minitab 
(version 17) software. An ANOVA was used to achieve a correlation between the process 
parameters and the response. The coefficient (𝑅2) implies the fitting of the polynomial 
equation (Equations (5) and (6)). The 𝑃−𝑣𝑎𝑙𝑢𝑒 was used to assess the significance of the 
terms in the model equation. The optimized area was determined in the surface plots 
using three operating parameters. 
% D of AbA/isoP = – 591.3 + 5.321 𝛼 + 151.9 𝛽 + 3.63 𝛾 – 0.05041 𝛼2 – 10.96 𝛽2 – 





















% D of DhA = – 542 + 5.05 𝛼 + 135.5 𝛽 + 2.28 𝛾 – 0.03561 𝛼2 – 9.36 𝛽2 – 0.0626 𝛾2 –
 0.222 𝛼 𝛽 + 0.0322 𝛼 𝛾 – 0.018 𝛽 𝛾           (6) 
The optimized area was determined in the surface plots using three operating parameters. 
The 𝑃−𝑣𝑎𝑙𝑢𝑒 was used to assess the significance of the terms in the model equation. The 
results showed that all the model coefficients related to all linear (𝛼, 𝛽 𝑎𝑛𝑑 𝛾) and 
squared (𝛼2, 𝛽2 𝑎𝑛𝑑 𝛾2) parameters were significant (P<0.05, Table B2) for both % D of 
AbA/isoP (Equation 5) and % D of DhA (Equation 6) models. However, the interaction 
terms 𝛼 𝛽, 𝛼 𝛾 and 𝛽 𝛾 were not significant (Table B2), indicating no impact on % 
degradation of DhA and AbA/isoP. The R2 values for AbA/isoP and DhA were 98.96% 













Figure 4.3: Surface response plots of degradation performance of resin acids spiked 
in phosphate buffer solution at different operating conditions. % degradation (% D) 
of AbA/isoP vs. (a) Fe (VI) dosage and pH, (b) Fe (VI) dosage and reaction time, and 
(c) reaction time and pH. % degradation (% D) of DhA vs. (d) Fe (VI) dosage and 
pH, (e) Fe (VI) dosage and reaction time, and (f) reaction time and pH. Initial 
concentrations of the mixture of AbA/isoP and DhA were 78 mg/L and 22 mg/L, 
respectively 
The response surface plots shown in figures 4.3(a), 4.3(b), and 4.3(c) represent percent 
degradation of Aba/isoP versus Fe (VI) dosage, pH and reaction time. The plots depict 
the non-concentrated surface region showing 95-100% degradation efficiency. The 
degradation efficiency of AbA/isoP (~97%) could be obtained using 40 mg/L Fe (VI) 
(0.137 mg Fe (VI)/ mg tCODfed) of ferrate dosage with 20 min reaction time and a pH of 
7.0. However, under similar conditions, the DhA degradation efficiency was lower 
(~72%). To achieve the ~97% degradation efficiency, DhA required higher dosage of Fe 
(VI), around 55 mg/L (0.189 mg Fe (VI)/mg tCODfed) and a longer reaction time of 30 
minutes (Figures 4.3(d), 4.3(e) and 4.3(f)). Overall, the optimization study showed that 
maximum oxidation of resin acids was achieved with a Fe (VI) dosage, pH and reaction 
time of 40 mg/L (0.137 mg Fe (VI)/mg tCODfed), 7 and 20 min, respectively. Under this 
condition, the maximum TOC removal of the mixture of tested resin acids’ solution was 
around 80%, indicating the excellent performance of Fe (VI) for complete mineralization. 
The optimal condition was chosen to investigate resin acids’ impact on the anaerobic 







4.3.3 Fe (VI) oxidation of resin acids spiked in PS 
The initial tCOD, sCOD, VS and TS of the raw PS utilized for the oxidation studies were 
30.97±0.12 g/L, 1172±28 mg/L, 18.33±0.29 g/L, and 24.07±0.23 g/L, respectively. 
Initially, the raw PS was oxidized with Fe (VI) at a pH ~7.0 for 20 min of reaction, 
which presented an 8–40% increment of sCOD of raw PS with increasing Fe (VI) dosage 
ranging from 0.034–0.119 mg Fe (VI)/mg tCODfed. Later, PS was spiked with resin acids 
yielding 1215±26 mg/L initial sCOD and was treated with 0.034–0.119 mg Fe (VI)/mg 
tCODfed. Resin acids in the liquid phase were 17.72 ± 2.14 mg/L after partition 
equilibrium was reached, equivalent to 51.26 ± 3.47 mg/L of theoretical COD and 
comparable with the experimental sCOD of resin acids in the liquid phase of primary 
sludge after treatment. However, Fe (VI) pretreatment of primary sludge spiked with 
resin acids reduced sCOD increment by around 6–12% compared to the pretreated raw 
primary sludge as resin acids competed with background organics for oxidants. As shown 
in Table 4.1, at the highest dosage of Fe (VI), VS and TS of the primary sludge spiked 
with resin acids decreased by around 16.6% and 20.5%, respectively, and sCOD 
increased by around 28% due to solubilization of complex organics. The loss of TS is 
almost 4% more than that of VS, which indicates the possible partial oxidation of inert 
materials in primary sludge. Figure B6 (Appendix B) represents the linear relationship 
between wastewater quality parameters (sCOD, TS, and VS) and ferrate dosage, which 
would be helpful to predict these parameters subject to the applied ferrate dosage. 
Table 4.1: Performance of Fe (VI) pretreatment of primary sludge spiked with resin 
acids at different dosage of ferrate, pH 7.0 and 20 minutes of reaction time 
Parameters 
Dosage of Fe (VI) 
0 mg Fe 
(VI)/mg 
tCODfed 
0.034 mg Fe 
(VI)/mg 
tCODfed 
0.076 mg Fe 
(VI)/mg 
tCODfed 
0.119 mg Fe 
(VI)/mg 
tCODfed 
sCOD (mg/L) 1215 ± 26 1291 ± 37 1430 ± 19 1683 ± 31 
VS (g/L) 18.17 ± 0.18 17.01 ± 0.40 16.10 ± 0.57 15.76 ± 0.16 
TS (g/L) 24.2 ± 0.23 22.3 ± 0.38 20.96 ± 0.71 20.08 ± 0.34 
The mass balance of resin acids in liquid and solid phases of PS at partition equilibrium 
was studied (Table B3), which showed the recovery of AbA/isoP and DhA by about 





11% during the various extraction stages. The solid-liquid partition coefficient, Kd of 
resin acids in municipal PS, was around 0.259 L/g and 0.121 L/g for AbA/isoP and DhA, 
respectively which were reasonably consistent with a previous study (Das et al., 2021). 
Figure 4.4 presents the performance of Fe (VI) oxidation of resin acids spiked in 
municipal PS at three different dosages of Fe (VI) for 20 minutes of reaction time and pH 
~7.0. The oxidation efficiency of resin acids was increased by around 44–62%, 
increasing the dosage of Fe (VI) in the range of 0.034–0.119 mg Fe (VI) /mg tCODfed. In 
comparing the treatment of resin acids spiked in Milli–Q water and raw municipal PS, the 
degradation efficiency of tested resin acids decreased by 54–70% in PS at 0.034 mg Fe 
(VI) dosage/mg tCODfed because of the background organics in municipal PS. 
 
Figure 4.4: Oxidation of resin acids by Fe (VI) in municipal primary sludge at pH 
~7.0 and 20 min of reaction time. Initial concentrations of the mixture of 
AbA/isoP=78 mg/L and DhA=22 mg/L 
4.3.4 Effect of Fe (VI) oxidation on anaerobic digestibility of resin 
acids 
The biodegradability tests of resin acids were previously studied (Das et al., 2021), which 

































showed that after 30 days of anaerobic digestion, the mass of the tested resin acids in 
Milli–Q water remained constant in the liquid and solid segments of ADS. In the current 
study, the anaerobic digestion of resin acids in municipal PS in untreated and Fe (VI) 
pretreated digesters, respectively, is shown in Figures 4.5(a) and 4.5(b). Oxidation with 
0.076 mg Fe (VI) dosage/mg tCODfed for 20 minutes of reaction reduced 48% and 29% 
the initial mass of isoP/AbA and DhA, respectively, compared with untreated digester. 
Biodegradation of resin acids is insignificant in both digesters, which remained sorbed on 
the surface of solids. In the liquid phase, resin acids biodegrade at a degree of 8–12%. At 
pH ~ 7.0, Kd of DhA and isoP/AbA in this experiment found 0.130±0.0063 L/g and 
0.246±0.0074 L/g, respectively, comparable with the partition studies conducted by Das 



































Figure 4.5: Biodegradation of resin acids during anaerobic batch digestion: (a) 
untreated digester and (b) Fe (VI) pretreated digester. Data presented are an 
average of duplicates 
Initial sCOD of the control–I digester (raw municipal PS without pretreatment) and 
untreated digester (municipal PS spiked with resin acids) was approximately 465 mg/L 
and 891 mg/L, respectively. Table B4 (Appendix B) represents the concentrations of 
tCOD, sCOD, TS, VS, and pH for each digester. The normalized methane yield for each 
digester was presented in Figure 4.6. The normalized methane yield, tCOD and VS 
reduction in the control–I digester was about 363.51 mL CH4/g tCODfed, 33% and 27%, 
respectively. About 35–38% less methane was generated in the untreated digester due to 
the inhibitory effect of resin acids in comparison with control–I digester, while untreated 
digester exhibited 226.20 mL CH4 yield/g tCODfed. In comparison with the untreated 
digester (PS spiked with resin acids), sCOD of the pretreated digester (PS spiked with 
resin acids treated with Fe (VI)) increased by 18–21% at a Fe (VI) dosage of 0.076 mg Fe 
(VI)/mg tCODfed. Earlier it was discussed that 29–48% resin acids were oxidized during 


































digester. The normalized methane yield (381.80 mL CH4/g tCODfed) in the pretreated 
digester can be compared with the 452.13 mL CH4 yield/g tCODfed in the control–II 
digester (pretreated raw municipal PS) where there was no inhibition of resin acids. 
Therefore, methane production was reduced by around 16% in pretreated digester, 
compared to the Control-II digester. 
 
Figure 4.6: Methane production in control-I, control-II, untreated, Fe (VI) 
pretreated, and seed sludge only digesters. Data presented are an average of 
duplicates. PS: municipal primary sludge, RA: resin acids 
The residual resin acids in the pretreated digester showed minor biodegradation as 
expected; however, pretreated digesters showed an increment in methane yield as the 
remaining resin acids (68–77 mg/L) in this digester had no harmful impact on overall 
methane generation compared to the untreated digester with spiked resin acids 150 mg/L. 
Field et al. (1988) observed 50% inhibition of methanogenesis in the presence of 114 
mg/L of AbA in batch activity assays. McCarthy et al. (1990) reported 37% inhibition of 
methanogenesis with a combination of several resin acids at 160 mg/L. According to 
literature, pretreatments of P&P mills WAS using high–pressure homogenization, 
mechanical shear, chemo-mechanical, caustic, hydrothermal, ultrasound, sonication, and 
microwave treatment produced methane in a range from 90 to 115 mL CH4/g tCODfed 
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various pretreatment techniques utilized for P&P mills’ WAS, the methane yield in this 
study was 70–76% higher in Fe (VI) pretreated digester. The increase in gas production 
in pretreated digester occurred due to solubilization of complex organics and the reduced 
level of resin acids’ concentrations. 
4.4 Conclusions 
The performance of Fe (VI) pretreatment of tested resin acids in municipal PS on AD 
was evaluated in this study. Fe (VI) dosage substantially influenced the oxidation of resin 
acids depending on the strength of background organics in wastewater sludge. Besides Fe 
(VI) dosages, the critical parameters for better performance in the oxidation of resin acids 
are pH and contact time, which were determined through Box–Behnken design 
experiments. Fe (VI) oxidation increased the removal efficiency of resin acids and 
increased the sCOD of municipal PS through solubilization of complex organic mass. 
Pretreatment with the dosage of 0.076 mg Fe (VI)/mg tCODfed at pH 7.0- and 20-minutes 
reaction time reduced the initial mass of resin acids by 29–48% and increased sCOD by 
around 18–21% in the digester. Biodegradation study of both untreated and Fe (VI) 
pretreated resin acids in municipal PS by the seeds (ADS) showed negligible degradation 
of resin acids over 20 days of AD. The addition of resin acids (150 mg/L) decreased the 
methane yield by 35–38% compared to the control–I digester. In comparison with various 
pretreatment techniques reported in the literature, the methane yield in this study was 70–
76% higher in Fe (VI) pretreated digester. However, economic analysis of the 
pretreatment method and retrofit option to existing P&P mills’ wastewater treatment 
plants need to be considered for the practical implementation of the process. 
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Chapter 5  
5 Pretreatment performance of ozone and ferrate on 
anaerobic digestibility of thermomechanical pulping 
mill’s primary sludge 
5.1 Introduction 
Wastewater produced at thermomechanical pulping (TMP) mills contain high 
concentrations of hydrolysable tannins (200–1600 mg/L), monomeric phenols (100–800 
mg/L), and resin acids (10–10,000 mg/L) (Meyer and Edwards, 2014). Resin acids are of 
primary concern regarding severe toxicity to aquatic organisms (Liver and Hall, 1996). 
The concentration of resin acids in pulping wastewater due to mechanical pulping is 
comparatively much higher than that of chemical pulping. The increase is due to the 
various chemicals such as sodium hydroxide, sodium sulfide, and salts of sulfurous acid 
that are utilized to extract the lignin, lignin derivatives and wood extractives from the 
fiber cell wall in chemical pulping processes. In TMP process water, most wood 
extractives are attached to particulate materials due to their much lower aqueous 
solubility (Allen, 1975; Magnus et al., 2000). For example, the resin acids dissolved in 
TMP process water are reported to be around 1.6% of the total resin acids (Hoel and 
Aarsand, 1995). A typical P&P mill wastewater treatment process comprises primary 
treatment followed by secondary treatment (Smook, 2002). The primary treatment 
typically removes suspended solids (primary sludge) from the TMP wastewater through 
primary clarifiers, and most of the resin acids are removed in this step due to their much 
higher hydrophobicity (log Kow~1.74–5.80). 
Anaerobic digestion (AD) of the primary sludge (PS) could be an alternative practice for 
managing the P&P industry's sludge. However, resin acids affect the AD process due to 
structural features and polarity which contribute to the toxicity of anaerobic 
microorganisms (Kaur et al., 2020). Resin acids are toxic to the microorganisms in the 
AD process at higher concentrations of 114–160 mg/L (Das et al., 2021; McCarthy et al., 
1990; Field et al., 1988;). Not only toxicity, but the physical barrier between substrates 





unavailable, and the hydrolysis process of lignocellulosic materials takes a long time 
(Meyer and Edwards, 2014). 
Pretreatment of municipal sludge using thermal, chemical, biological, and physical 
methods enhanced the hydrolysis of slowly biodegradable organics (Zhao et al., 2020; 
Toutian et al., 2020; Li et al., 2020; Rayes-Contreras et al., 2020; Kor-Bicakci et al., 
2020; Pang et al., 2020; Chawla et al., 2014; Dhar et al., 2012). Among the few 
experimental studies involving AD of P&P mills sludge with or without pretreatment, 
almost all are related to the secondary sludge from the aeration process referred to as 
waste activated sludge (WAS) or sludge mixtures containing minor fractions of TMP 
mill’s PS (TMP-PS) (Table 2.8 in Chapter 2). The specific methane yields of P&P mills’ 
WAS varied in the range of 50–77 mL/g CODfed without pretreatment (Saha et al., 2011; 
Wood et al., 2009; Elliott and Mahmood, 2012). The lower yield is typical of WAS 
anaerobic digestion, which is characterized as a slow process. Thus, mechanical shear, 
hydrothermal, high-pressure homogenization, ultrasound, microwave, and caustic 
pretreatments were implemented to enhance methane generation for P&P mills’ WAS. 
For example, hydrothermal pretreatment of WAS alone or combined with enzymatic or 
ultrasound process increased methane yield by 31–74 % (Bayr et al., 2013;). Wood et al. 
(2010) reported that caustic pretreatment of P&P mill’s WAS enhanced specific methane 
yield by 72%. 
There are limited studies regarding the pretreatment of the P&P mill’s primary sludge. 
The observation is analogous to municipal primary sludge, which is considered highly 
biodegradable, thus not requiring pretreatment. However, the P&P mill's primary sludge 
contains a substantial amount of lignocellulosic material, making it less biodegradable 
than municipal primary sludge. In addition, the P&P mill’s primary sludge may contain 
toxic hydrophobic compounds that get adsorbed and settled with the sludge; hence 
pretreatment of the P&P mill’s primary sludge (PS) should be investigated in order to 
enhance anaerobic digestibility and reduced toxicity. So far, only one study was 
identified that had used PS from a Kraft P&P mill as the only substrate. The study was 





methane yield of 190–240 mL/g VSfed (Bayr and Rintala, 2012) comparable to the 
methane yield from WAS, indicating slow biodegradability. 
Though there are minimal studies on the anaerobic digestibility of resin acids in P&P 
mills’ sludge, the pretreatment is expected to enhance performance in two aspects. For 
example, pretreatment with advanced oxidation processes such as ozonation and ferrate 
(Fe (VI)) oxidizes toxic compounds such as resin acids and reduces their load on 
anaerobic treatment. Secondly, the pretreatment may assist in hydrolyzing the sludge, 
thus enhancing the digestibility of resin acids which has never been reported. The main 
objective of this study was to determine the effect of ozone and Fe (VI) pretreatment of 
resin acids in the anaerobic digestibility of PS from a TMP mill, which has never been 
studied. TMP-PS was pretreated at optimum pH at lower and higher dosages of Fe (VI) 
and ozone to compare their effectiveness of resin acids’ degradation and sludge 
solubility. Finally, the anaerobic digestibility of resin acids in the TMP mill’s PS was 
examined in batch AD assays for both untreated and pretreated PS. 
5.2 Materials and methods 
5.2.1 Materials 
TMP-PS was collected from Thunder Bay Mill located in Thunder Bay, Ontario. The 
anaerobic seed sludge was obtained from Stratford Wastewater Treatment Plant 
(Stratford, ON, Canada)). Fe (VI) as a salt of potassium (K2FeO4, 98% purity) was 
produced according to the method reported by Sharma et al. (2015). Ozone (O3) was 
generated by an ozone generator as mentioned in our early research (Das et al., 2021). 
The metal content in the TMP-PS was analysed at Biotron Research Centre, Western 
University, London, Ontario, using an ICP-MS analyzer (Agilent 7700x ICP-MS). The 
analyses of TS, VS, TSS, VSS, tCOD and sCOD of both PS and anaerobic seed sludge, 
and the analytical methods of resin acids’ extraction from PS and their analyses in GC-
MS were conducted following methods as described in our earlier study (Das et al., 
2021). HPLC grade dichloromethane (DCM), derivatizer (N, O–Bis (Trimethylsilyl) 
trifluoroacetamide (BSTFA)), and internal standard (mirex) were obtained from the same 





5.2.2 Experimental methods 
5.2.2.1 Ozonation of TMP mill’s PS 
Ozonation experiments on TMP-PS were conducted in a completely mixed 750 mL 
(working volume = 450 mL) batch reactor and at an optimum pH of 11.0. The rate of O3 
supply in the reactor was 20 mg/min. The gas-phase concentration of ozone was around 
2200 ppm supplied continuously at a flow rate of 4.5 L/min. The initial tCOD 
concentration of TMP-PS was 31.85±1.93 g/L. The ozone was applied at a dosage of 
0.075 and 0.150 mg O3/mg tCOD in this study. At the end of the ozonation (after 55 to 







 to stop the oxidation process, and the remaining resin acids were extracted 
as per the procedure outlined in Das et al. (2020) for GC–MS analyses. 
5.2.2.2 Fe (VI) oxidation of TMP mill’s PS 
The TMP-PS was also oxidized using ferrate (Fe (VI)). The Fe (VI) oxidation was 
performed in a 750 mL (450 mL working volume) reactor under dark condition at an 
optimum pH of 7.0. The Fe (VI) were applied at two dosages, 0.073 and 0.148 mg Fe 
(VI)/mg tCOD, and the working solution was continuously mixed to facilitate the mass 
transfer. The initial tCOD of the TMP-PS was the same as the one used for the ozonation 
study (31.85±1.93 g/L). Once the oxidation process reached a design reaction time of 20 







extraction and analysis. 
5.2.2.3 Anaerobic batch digestion of TMP mill’s PS 
Batch mesophilic anaerobic digestibility studies were conducted using Automatic 
Methane Potential Test System (Das et al., 2021). The first test was conducted to assess 
the impact of resin acids’ concentrations on the anaerobic digestibility of TMP-PS. The 
average VSS concentration in the seed sludge (anaerobically digested sludge (ADS)) was 
23.75±0.67 g/L. A total of 6 experiments consisting of (i) seed sludge, (ii) seed sludge + 
TMP-PS, (iii) seed sludge + low ferrate dose oxidized TMP-PS, (iv) seed sludge + low 
ozonated dose TMP-PS, (v) seed sludge + high ferrate dose oxidized TMP-PS, and (vi) 





concentration in the raw TMP-PS was determined as 1408 mg/L that yielded a ≤ 70 
mg/L resin acids’ concentration in the digester with food to microorganism ratio (𝐹/𝑀) 
of 0.50 𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆 ⁄ . According to Das et al. (2021), 78 mg/L of resin acid did not 
affect the AD process adversely. Therefore, the experiments were also conducted with 
higher loading of substrate (TMP-PS) to evaluate the impact of resin acids’ concentration 
on AD which constituted the F/M ratios of the digesters of 1.00 and 2.00 
𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆 ⁄ . The concentrations of combined resin acids in the digesters with 𝐹/𝑀 
ratios of 1.00 and 2.00 were around 141 mg/L and 282 mg/L, respectively. This 
experiment involved assessing the impact of 𝐹/𝑀 ratio on the digestibility of raw TMP-
PS. Furthermore, both ozone and ferrate were applied individually to evaluate the effect 
of pretreatment of raw TMP-PS on those two digesters. 
The concentrations of TS, VS, tCOD, sCOD, pH and resin acids were analysed at the 
experiment's beginning and end. The methane production was monitored continuously 
over the experimental period, and the kinetics of experimental methane yields were fitted 
with Modified Gompertz Model (Eq. 1). In all the experiments, the initial pH was 
adjusted to 7.00±0.50 before the start of the experiment. 
      (1) 
where, M: Cumulative methane production yield (mL CH4/g tCOD), t: Incubation time of 
an anaerobic digestion tank (days), Mo: Ultimate methane production yield (mL CH4/g 
tCOD), Rm: Maximum methane production rate (mL CH4/g tCOD·day), e: exp (1) = 
2.71828182, and λ: Lag phase. 
5.3 Results and discussions 
5.3.1 Characterization of TMP mill’s PS 
The initial tCOD, sCOD, VS, VSS, TS, TSS, pH, and resin acids’ concentrations of the 
raw TMP-PS are provided in Table 5.1. The tCOD, sCOD, TSS and VSS of TMP-PS in 
this study were around 31.85, 0.91, 22.23 and 17.60 g/L, respectively, as shown in Table 





other studies. Bayr and Rintala (2012) and Veluchamy and Kalamdhad (2017) 
investigated PS from the Kraft pulping process industry and reported an sCOD in a range 
of 1.6-1.8 g/L and a pH of 6.20 to 6.83. In addition, the tCOD and sCOD of WAS varied 
from 12.0 to 47.3 g/L and 1.4 to 4.0 g/L, respectively, in both studies. Another study 
showed that the concentrations of tCOD were differed from 18 to 53 g/L in a 
combination of PS and WAS from a Chemical Thermo-Mechanical Pulping (CTMP) 
mill, which contains 70-90% WAS (Puhakka et al., 1988). The tCOD obtained in this 
study was within the literature range; however, the sCODs and the pH reported were 
slightly lower. The TSS and VSS were varied from 8.7 to 30.9 g/L and 7.3 to 27.9 g/L, 
respectively, in WAS generated from Sulfite and Kraft P&P mills (Wood et al., 2010; 
Elliott and Mahmood, 2012). The total concentration of resin acids was found around 
1408 mg/L in TMP-PS. According to Kostamo and Kukkonen, (2003), resin acids’ 
concentration from P&P mill’s effluent was reduced by 55–69% during primary 
clarification due to its adsorption to the solid fraction of PS, and the resin acids in PS was 
0.1–4.9 mg/g of sludge. The TMP-PS in this study was 1.45 mg of combined resin 
acids/g of sludge which is in the literature range. In comparison with municipal PS (Table 
C1 in Appendix C), the tCOD, VS and TS of TMP-PS were around 51%, 40% and 38% 
higher, respectively, which indicates higher strength of organics in TMP-PS. However, 
sCOD of TMP-PS was found 67% lower than that of municipal PS, which means the 
organic compounds in TMP-PS are predominantly hydrophobic (attached on the surfaced 
of fibers) and insoluble in the aqueous phase of sludge. 
Table 5.1: Sludge quality parameters of the TMP mill’s PS  
Parameters Concentration 
tCOD (g/L) 31.85 ± 1.94  
sCOD (mg/L) 910 ± 32  
VS (g/L) 17.75±0.48  
TS (g/L) 23.29±0.41  
VSS (g/L) 17.6 ± 0.57  
TSS (g/L) 22.23 ± 0.44  
pH 5.53±0.26 
PmA (mg/L) 538.35 ± 18.41  





AbA/isoP (mg/L) 426.44 ± 16.31  
Resin acids are expected to be mainly adsorbed on the surface of fibers and suspended 
solids in sludge. Based on the adsorbed mass of resin acids in solid and liquid phases of 
TMP-PS at equilibrium (Table 5.2), the partition coefficient (Kd) of PmA, DhA, and 
AbA/isoP was determined in this study. At equilibrium, about 88–95% of the resin acids 
were in the solid phase. Hoel and Aarsand (1995) reported that around 98.4% of the total 
resin acids were attached with the suspended solids in TMP process water, depending on 
the pH, as Das et al. (2020) reported. In Table 5.3, the obtained Kd of authentic resin 
acids in TMP-PS was compared with the value reported in Das et al. (2021), where resin 
acids were spiked in municipal PS. The Kd of PmA, DhA, and AbA/isoP in TMP-PS at 
pH around 5.53 was found 0.263±0.0031, 0.408±0.0012, 0.789±0.0064 L/g, 
respectively. The values are almost similar to those reported for municipal PS at pH 5.36 
(Table 5.3), indicating the surface charge of solids in both sludges at pH between 5.36 
and 5.53 were similar. 
Table 5.2: Mass of resin acids partitioned into solid and aqueous phases of TMP 
mill’s PS at equilibrium* 
Resin acids Mass (mg) in aqueous phase Mass (mg) in solid phase 
PmA 0.324±0.0122 2.368 ±0.080 
DhA 0.180±0.0074 2.044 ±0.072 
AbA/isoP 0.093±0.0034 1.961 ±0.058 
* Sample volume: 5 mL 
Table 5.3: Partition coefficients of resin acids in TMP and municipal PS 
Resin acids 
Solid-liquid partition coefficient, Kd (L/g) 
TMP mill’s PS Municipal PS (Das et al., 2021) 
pH = 5.53 pH = 4.00 pH = 5.36 pH = 8.00 
PmA 0.263±0.0031 0.476 0.238 0.011 
DhA 0.408±0.0012 0.563 0.498 0.091 






5.3.2 Pretreatment of TMP mill’s PS 
The raw sludge was treated with ozone and ferrate at an optimum pH around 11.0 and 
7.0, respectively at lower and higher dosages. Compared with raw TMP-PS, the sCOD 
increased by 19 and 30%, with ozone treatment applied at 0.075 and 0.150 mg O3/mg 
tCOD dosages, respectively. While 25 and 43% increment of the sCOD was achieved 
when ferrate dosages were 0.073 and 0.148 mg Fe (VI)/mg tCOD, respectively. The 
treatment with ferrate increased sludge solubilization by around 6–13% compared to the 
ozonation. As shown in Table 5.4, at the highest dosage of ozone (0.150 mg O3/mg 
tCOD), VS and TS of the raw TMP-PS decreased by around 22% and 23%, respectively. 
On the other hand, 34% VS and 36% TS was decreased in pretreated TMP-PS with the 
applied Fe (VI) dosage of 0.148 mg/mg tCOD. According to Wood et al. (2010), sCOD 
of P&P mill’s WAS increased by around 70% upon NaOH pretreatment (at pH 12.0, 140 
℃ for 1 h), the VSS and TSS were reduced by approximately 60% and 55%, respectively. 
Lin et al. (2009) found an 81% increase in sCOD when 0.3% NaOH was applied in 
combined PS and WAS from P&P mill’s wastewater. In another study, ultrasound 
pretreatment (20 kHz frequency and 30 min treatment time) of P&P mill’s WAS 
increased sCOD by around 28% and decreased VSS and TSS by around 31% and 23%, 
respectively (Wood et al., 2010). The % increment of sCOD and % reduction of sludge 
solids are primarily dependent on the strength of oxidant applied at a suitable optimum 
condition and the strength of background organics in sludge. 
Table 5.4: Performance of pretreatment of TMP mill’s PS at a different dosage of 
ozone and ferrate at pH around 11.0 and 7.0, respectively 
Parameters 







0.073 mg Fe 
(VI)/mg tCOD 
0.148 mg Fe 
(VI)/mg tCOD 
sCOD (mg/L) 910 ± 32 1119 ± 72 1180 ± 54 1150 ± 38 1270 ± 65 
VS (g/L) 17.75±0.48 15.63±0.29 14.89 ± 0.37 14.67±0.18 13.81 ± 0.24 
TS (g/L) 23.29±0.41 19.78±0.15 18.96 ± 0.21 18.82 ± 0.53 17.44 ± 0.46 
Ozone possibly reacts with the organic compounds in water through direct oxidation by 
molecular O3 and indirect reaction with various highly effective oxidative radicals, 





compounds in water via one-electron or two-electron transfer (Lee et al., 2014; Han et al., 
2019). Fe (VI) (E0Fe (VI) = 2.20 eV) is a powerful oxidant that can enhance the overall 
degradation efficiency of ferrate. On the other hand, the oxidation potential of ozone is 
slightly lower (E0𝑜3 = 2.07 eV) than that of ferrate. Figure 5.1 shows that the degradation 
efficiency of PmA, DhA, and AbA/isoP was increased by 8.0 to 17.0%, 6.0 to 9.0%, and 
10.0 to 24.0%, respectively, with increasing the ozone dosages from 0.075 to 0.150 mg 
O3/mg tCOD. While the degradation efficiency of PmA, DhA, and AbA/isoP was 
increased from 13.0 to 28.0%, 9.0 to 18.0%, and 19.0 to 37.0%, respectively, with 
increasing ferrate dosages from 0.073 to 0.148 mg Fe (VI)/mg tCOD. In comparison with 
ozonation, the overall degradation efficiency of resin acids in TMP-PS was improved by 
9–14% during ferrate treatment because of slightly higher oxidation potential and the 
possible interactions with methyl groups in resin acids with protonated species of ferrate 
at pH 7.0 (Sharma, 2013). 
The efficacy of individual resin acid’s degradation by ozone and ferrate in pretreated 
TMP-PS was 23-35%, which was 28-37% lower than the oxidation efficiency obtained 
for spiked resin acids’ degradation in municipal PS. The lower degradation of resin acids 
occurred in the current study due to the presence of higher strength of background 
organics (tCOD = 31.85±1.94 g/L) and elevated concentration of resin acids (1408±51.9 
mg/L) in TMP-PS compared to the municipal PS spiked with resin acids (tCOD = 







 Figure 5.1: Oxidation performance of (a) ozone at pH around 11.0 and (b) ferrate 
at pH around 7.0 to treat resin acids in TMP-PS. The initial mass of PmA, DhA, and 
AbA/isoP in 5 mL volume of TMP-PS sample was 2.551±0.152, 2.162±0.084, 
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5.3.3 Effect of F/M ratio on AD of TMP-PS 
The purpose of this study was to assess the impact of F/M ratio on the production of 
methane. The F/M ratio is an important parameter that can influence the methane yield of 
an anaerobic digester. A lower F/M ratio may cause insufficient metabolization of 
microbes necessary for biodegradation, whereas a higher F/M ratio may be inhibitory or 
toxic resulting metabolic imbalance (Prashanth et al., 2006). The optimum F/M ratio for 
AD depends on the substrate type. In anaerobic treatment, the optimum F/M ratios of 
different substrates were varied from 0.20 to 2.00 (Prashanth et al., 2006; Kafle et al., 
2014; Hadiyarto et al., 2015; Muenmee et al., 2022). Veluchamy and Kalamdhad (2020) 
studied mesophilic AD with primary sludge from a pulp and paper mill wastewater 
treatment plant. They found the F/M ratios in a range from 0.50 to 2.00 𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄  
increased methane yield with a maximum of 273 mL CH4/g sludge. However, a F/M ratio 
of 2.5 𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄  decreased the methane yields due to the presence of greater 
amount of substrate that impeded the hydrolysis process and created mass transfer barrier 
for the biodegradable organic matter. In this study, the preliminary methanogenic activity 
was conducted with raw TMP-PS without pretreatment, which was utilized as a feedstock 
in three different batch digesters with mixing ratios of F/M: 0.50, 1.00, and 2.00 
𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄ . Wastewater quality parameters (tCOD, sCOD, TS, VS, and pH) of 
tested digesters before and after anaerobic treatments are provided in Table 5.7. After 15 
days of AD, the tCOD and VS reduction was decreased from around 30.20% to 10.66%, 
and 27.12% to 12.07%, respectively when F/M ratio was increased from 0.50 to 2.00 
𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄ . Figure 5.2 shows the methane yield per g tCOD of TMP-PS fed for the 
tested F/M ratios. The kinetics of methane yield was satisfactorily fitted with modified 
Gompertz model, and the initial rate of methane production also obtained from this model 
was around 48.35, 16.09, and 5.00 mL CH4/g tCOD/day for the digester with F/M ratio of 
0.50, 1.00, and 2.00 𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄ , respectively. Here, the rate of methane production 
decreased by almost 89.65% when F/M ratio was increased from 0.5 to 2.0 g tCOD/g 
VSS. The methane yield was approximately 401, 133, and 40 mL CH4/g tCODfed after 15 
days of AD for the F/M ratio of 0.50, 1.00, and 2.00 𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄ , respectively. The 
methane yield was decreased by almost 90% when F/M ratio increased from 0.50 to 2.00 





loading of substrate (TMP-PS). For example, the estimated concentration of total resin 
acids in the digesters increased from 70.42 mg/L to 281.64 mg/L with increasing the 
concentration of other unknown toxic compounds in the digesters when F/M ratio was 
enlarged from 0.50 to 2.00 𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄ , respectively. As a result, higher loading of 
TMP-PS may cause the decrease in overall gas production in this study, which are not 
favourable for an ideal digester. 
 
Figure 5.2: The methanogenic activity of TMP-PS in the digesters with F/M ratios of 
0.50, 1.00, and 2.00 𝒈 𝒕𝑪𝑶𝑫 𝒈 𝑽𝑺𝑺⁄ . The dotted lines represent the fittings of 
experimental data with modified Gompertz model. C0RA = initial concentration of 
resin acids at day 0. 
5.3.4 Effect of pretreatment on AD of TMP-PS 
In addition to reduce the toxicity of wood extractives, higher dosages of ozone and ferrate 
at 0.201 and 0.401 mg /mg tCOD were applied individually to evaluate the effect of 
pretreatment of raw TMP-PS on the digesters with F/M ratios of 1.00 and 2.00 
𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄ . Figure 5.3 shows the normalized methane yield obtained for the 
pretreated digesters with tested F/M ratios. The experimental data were well-fitted with 
the modified Gompertz model. Wastewater quality parameters (tCOD, sCOD, TS, VS, 
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5.8. After 15 days of incubation, the corresponding methane yield was approximately 
333.72 and 263.94 mL CH4/g tCODfed for the digesters pretreated at 0.201 mg 
dosages/mg tCOD of ozone and ferrate, respectively, when F/M ratio of the digesters was 
1.00 𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄ , which showed around 60.15% and 49.62% increment in methane 
yield for ferrated and ozonated digesters, respectively compared to the untreated digesters 
with F/M ratio of 1.00 𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄ . Correspondingly, pretreatment enhanced 25.80% 
and 23.67% of the sCOD in ferrate and ozone pretreated digesters compared to the 
untreated digesters. The ferrate pretreatment increased around 11% more methane yield 
in comparison with ozonated digesters. 
The methane yield was approximately 234.67 and 226.65 mL CH4/g tCODfed when the 
digesters with F/M ratio of 2.00 𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄  were pretreated at 0.401 mg dosages/mg 
tCOD of ferrate and ozone, respectively, and the increment of methane yield was 
achieved almost similar for both cases around 83.03%, respectively compared to the 
untreated digesters with F/M ratio of 2.00 𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄ . Similarly, sCOD of the 
ozonated and ferrated digesters was increased by around 32.93% and 35.86%, 
respectively compared to the untreated digesters. 
In this stage, pretreatment did not increase the overall methane production of TMP-PS 
due to higher loading of TMP-PS as the concentrations of resin acids and other unknown 
toxic compounds were inhibiting the AD process. In comparison with the digester with 
F/M ratio of 0.50 𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄  (without pretreatment), the methane yield was 
surprisingly decreased by 17-34% and 41-44% in pretreated digesters with F/M ratio of 







Figure 5.3: The comparison of methanogenic activity of TMP-PS in the untreated 
and pretreated digesters with ozone and ferrate: (a) The methanogenic activity of 
TMP-PS was tested at 𝑭/𝑴 ratio of 𝟏. 𝟎𝟎 𝒈 𝒕𝑪𝑶𝑫 𝒈 𝑽𝑺𝑺⁄  and 0.201 mg dosages/mg 
tCOD of ozone and ferrate applied individually in pretreated digesters, (b) The 
methanogenic activity of TMP-PS was tested at 𝑭/𝑴 ratio of 𝟐. 𝟎𝟎 𝒈 𝒕𝑪𝑶𝑫 𝒈 𝑽𝑺𝑺⁄  
and 0.401 mg dosages/mg tCOD of ozone and ferrate applied individually in 
pretreated digesters. The dotted lines represent the fittings of experimental data 
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(b)Untreated F/M = 2.00 (Exp.)
0.401 mg Fe(VI)/mg tCOD (Exp.)
0.401 mg Ozone/mg tCOD (Exp.)
Untreated F/M = 2.00 (Gomp.)
0.401 mg Fe(VI)/mg tCOD (Gomp.)






Table 5.5: The characteristics of TMP-PS in the digesters before and after AD with 
F/M ratios of 0.50, 1.00, and 2.00 𝒈 𝒕𝑪𝑶𝑫 𝒈 𝑽𝑺𝑺⁄ . 
Parameters 
(mg/L) 
F/M = 0.50 F/M = 1.00 F/M = 2.00 
Day 0 Day 20 Day 0 Day 20 Day 0 Day 20 
tCOD 7350±160 5130±141 8975±145 7250±212 12200±103 10900±283 
sCOD  140±2 102±11 187±7 148±6 279±10 244±8 
TS  6760±52 4826±120 7876±84 6390±177 10196±86 9128±155 
VS  4453±48 3250±105 5461±142 4375±80 7578±161 6661±73 
pH 7.50±0.02 7.06±0.16 7.52±0.05 6.93±0.21 7.54±0.03 6.52±0.06 
The economic analysis of this study was conducted based on pretreatment cost and price 
of methane generated as a resource recovery. Pretreatment with ozone produced about 
11-13% less methane than Fe (VI) pretreated digesters. However, the operating cost of 
ferrate pretreatment of TMP-PS was higher due to the higher production cost of Fe (VI) 
($200/g), while ozonation required oxygen gas to generate ozone, which is comparatively 
inexpensive ($0.0026/L). As a result, the cost analysis showed that ferrate pretreatment of 
TMP-PS required extra $40 USD and $80 USD over ozonation to process 1 g of tCOD of 
TMP-PS, even after adding the price of methane generated in the digester (Table 5.9). 






Table 5.8: The characteristics of TMP-PS in the digesters before and after AD with F/M ratios of 1.00 𝒈 𝒕𝑪𝑶𝑫 𝒈 𝑽𝑺𝑺⁄  
pretreated with 0.201 mg dosage/mg tCOD of ozone and ferrate individually, and F/M ratios of 2.00 𝒈 𝒕𝑪𝑶𝑫 𝒈 𝑽𝑺𝑺⁄  
pretreated with 0.401 mg dosage/mg tCOD of ozone and ferrate individually. 
Parameters 
(mg/L) 
F/M = 1.00 F/M = 2.00 
Ozonated (0.201 mg O3/mg 
tCOD) digester 
Ferrated (0.201 mg Fe 
(VI)/mg tCOD) digester 
Ozonated (0.401 mg 
O3/mg tCOD) digester 
Ferrated (0.401 mg Fe 
(VI)/mg tCOD) digester 
Day 0 Day 20 Day 0 Day 20 Day 0 Day 20 Day 0 Day 20 
tCOD 8820±130 5990±141 8555±135 5580±156 11550±150 7670±198 11150±250 6910±127 
sCOD  245±6 162±13 252±16 154±21 416±15 266±9 435±14 257±10 
TS  7452±68 5054±181 7342±122 4922±165 9571±60 6254±165 9322±94 5516±148 
VS 5235±87 3623±117 5175±83 3437±173 7046±129 4697±147 6963±170 4243±180 





Table 5.9: The cost analysis of TMP-PS in the digesters with F/M ratios of 1.00 
𝒈 𝒕𝑪𝑶𝑫 𝒈 𝑽𝑺𝑺⁄  pretreated with 0.201 mg dosage/mg tCOD of ozone and ferrate 
individually, and F/M ratios of 2.00 𝒈 𝒕𝑪𝑶𝑫 𝒈 𝑽𝑺𝑺⁄  pretreated with 0.401 mg 
dosage/mg tCOD of ozone and ferrate individually. 
  0.201 mg dosage/mg tCOD 0.401 mg dosage/mg tCOD 
F/M ratio 
(g tCOD/g VSS) 1.00 (Ozonated) 1.00 (Ferrated) 2.00 (Ozonated) 2.00 (Ferrated) 
mL CH4/g tCODfed 263.94 333.72 226.65 234.67 
Total cost to process 1 
g of tCOD of TMP-PS + $ 0.20 - $ 40.00 + $ 0.16 - $ 80.02 
5.3.5 Implication of metals on AD digestibility of TMP-PS 
Metals impact the anaerobic digestion process due to physicochemical interactions such 
as the electronegativity, the standard reduction potential, the solubility product of the 
metal-sulfide complex, and the electron density (Mudhoo and Kumar, 2013; Workentine 
et al., 2008). According to Ofverstrom et al. (2010), Fe and Al negatively impacted AD 
of municipal PS and WAS mixture by reducing the volume of biogas produced. Fe-
spiked sludge (4.17 g/L) produced 20-50% less biogas and Al-Fe-spiked sludge (mixture 
of 4.17 g Fe/L and 0.77 g Al/L) reduced biogas production by 30-40% in comparison to 
the same un-spiked sludge. In order to determine the effect of background metals on AD 
of TMP-PS, detailed metal analysis was conducted, and the results are presented in Table 
5.10. The concentration of Fe and Al in TMP-PS was comparatively lower at 
15.495±0.664 mg/L and 64.511±0.941 mg/L, respectively and should not have any 
negative impact on AD. Heavy metals such as Cu, Zn, Pb, Hg, Cr, Cd, Fe, Ni, Co, and 
Mo are the most common metals in wastewater sludge. Particular metals at low 
concentrations, such as Ni, Co, Zn, and Cu, are required for the activation or functioning 
of many enzymes and coenzymes in AD; however, at high concentration, can lead to 
toxic or inhibition effect (Hao et al., 2017; Chen et al., 2014; Chen et al., 2008; Li and 
Fang, 2007). The effect of heavy metals on AD has been widely studied. In general, the 





concentrations above 32 mg/L (Abdel-Shafy and Mansour, 2014; Sarioglu et al., 2010; 
Altas, 2009). According to Nguyen et al. (2019), AD efficiency decreased sharply with 
increasing Cu concentrations, and the efficiency decreased significantly at a Cu 
concentration ≥40 mg/L. Cu also exhibited the highest toxicity compared to Pb, Cr and 
Zn; this may be due to the affinity of Cu with sulfide bound fraction with sludge 
(Barcelo-Quintal et al., 2015). Zayed and Winter (2000) found that Zn created a complex 
attachment with sludge particles because of the positive charge, leading to precipitation at 
the bottom of the digester. Therefore, AD of anaerobes was reduced by the physical 
barrier of metals between substrate and anaerobes. Metals in sludge at a higher 
concentration can be deposited on the surface of the anaerobes and hinder the metabolism 
of anaerobes to the process during AD (Figueroa-Torres et al., 2014). The metal ions 
adsorption on the surface of solid substrates in sludge can also be responsible for 
changing its surface charge characteristics, which can also change the degree of partition 
of hydrophobic compounds such as resin acids and fatty acids. The ICP-MS analysis of 
TMP-PS, in this study, showed insignificant concentration of heavy metals such as Cr 
(0.038±0.002 mg/L), Ni (0.066±0.023 mg/L), Cu (0.076±0.005 mg/L) and Zn 
(0.546±0.024 mg/L), which may not have any negative impact on the TMP-PS digestion. 
Therefore, the lower methane production in TMP-PS was mainly due to organics such as 
resin acids. 




Al  64.511 ± 0.941  
Ti  0.556 ± 0.014  
Cr 0.038 ± 0.002  
Mn 1.054 ± 0.005  
Fe 15.495 ± 0.664  
Ni 0.066 ± 0.023  
Cu 0.076 ± 0.005  
Zn 0.546 ± 0.024  
Sr 0.118 ± 0.004  






The performance of ozone and ferrate pretreatment of TMP mill’s PS on AD was 
evaluated at their optimum pH condition and reaction time. The degradation of PmA, 
DhA, and AbA/isoP increased from 8.0% to 17.0%, 6.0% to 9.0%, and 10.0% to 24.0%, 
respectively with increasing the dosages of ozone from 0.075 mg to 0.150 mg O3/mg 
tCOD. While the degradation efficiency of PmA, DhA, and AbA/isoP was increased 
from 13.0% to 28.0%, 9.0% to 18.0%, and 19.0% to 37.0%, respectively, when dosages 
of ferrate were increased from 0.073 mg to 0.148 mg Fe (VI)/mg tCOD. Compared to 
ozonation, the overall degradation efficiency of total resin acids in TMP-PS was 
improved by 9–14% during ferrate pretreatment. Pretreatment of TMP-PS using ozone 
and ferrate reduced the initial concentrations of resin acids associated with TMP-PS, 
besides solubilization of sludge. Additionally, pretreatments increased sCOD of TMP-PS 
by a maximum of around 28% for ozonation and maximum of about 39% for ferrate 
pretreatment of TMP-PS. In batch methanogenic activity study with raw TMP-PS, the 
methane yield was decreased by almost 90%, when F/M ratio increased from 0.50 to 2.00 
𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄  as the concentrations of wood extractives and other unknown toxic 
compounds increased gradually due to higher loading of substrate (TMP-PS). To reduce 
the toxicity of resin acids in the digester with F/M ratios of 1.00 and 2.00 
𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄ , pretreatment with higher dosages of ozone and ferrate at 0.201 mg and 
0.401 mg/mg tCOD did not increase the overall methane production of TMP-PS, 
compared to the digester with F/M ratio of 0.50 𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄  (without pretreatment), 
and the methane yield was surprisingly decreased by 17-34% and 41-44% in pretreated 
digesters with F/M ratio of 1.00 and 2.00 𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄ , respectively. Ferrate 
pretreatment increased 11-13% more methane yield in comparison with ozonated 
digesters. However, according to cost analysis, the operating cost of ferrate pretreatment 
of TMP-PS is significantly higher than ozonation. The optimum F/M ratio to treat the 
TMP-PS anaerobically was 0.50 𝑔 𝑡𝐶𝑂𝐷 𝑔 𝑉𝑆𝑆⁄  in terms of minimizing the toxicity of 
resin acids in the digester. Therefore, a suitable F/M ratio can reduce the demand of 
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Chapter 6  
6 Conclusions and Recommendations 
6.1 Conclusions 
Resin acids are the most cited inhibitors of anaerobic digestion of pulp and paper (P&P) 
mill’s sludge. In this study, pretreatment with effective advanced oxidation processes 
(AOPs) such as ozone and ferrate has been applied to reduce the resin acids’ load prior to 
anaerobic treatment of P&P mill’s primary sludge (PS). The detailed summary of the 
major findings of this study have been presented in Chapters 3–5. The principal findings 
of this study are as follows: 
• Batch adsorption tests showed higher partition of spiked resin acids on the solids 
of municipal primary sludge (PS) at pH around 4.0; however, it was decreased by 
78–98% at pH around 8.0. Based on the reported pH of effluent from various P&P 
mills, it can be anticipated that resin acids will be mostly in the solid phase of 
thermo-mechanical and sulfite chemical P&P mills’ effluent, and mostly in the 
water phase of Kraft P&P mills’ effluent. 
• Spiking of resin acids (150 mg/L) in municipal PS reduced methane production 
by 22–38% and showed negligible biodegradation of resin acids by microbial 
consortium over 20 days of anaerobic digestion (AD). Later, pretreatment with 
ozone and ferrate decreased the initial load of resin acids from the digester and 
increased methane yield by 30-41%, which indicated that 65-77 mg/L of resin 
acids in pretreated digesters did not affect AD negatively. 
• Compared to various pretreatment techniques reported in the literature, the 
methane yield in this study was 70–76% higher in Fe (VI) pretreated digester. 
• The tCOD of tested thermomechanical pulping mill’s PS (TMP-PS) was almost 
51% higher than that of municipal PS, indicating that TMP-PS contains much 
higher strength of organics including resin acids (1408±51 mg/L). Approximately 






• Compared to ozone pretreatment, the degradation efficiency of resin acids in 
TMP-PS was increased by 9–14% in ferrate pretreatment. pretreatments increased 
sCOD of TMP-PS by maximum of around 28% for ozonation and about 39% for 
ferrate. Maximum of 11–13% more methane was produced in ferrate pretreated 
digesters compared to ozonated digesters. 
• According to cost analysis, the operating cost of ferrate pretreatment of TMP-PS 
was higher, while ozonation was profitable. In addition, ozonation can easily be 
retrofitted to existing P&P mills' wastewater treatment plants. 
6.2 Recommendations 
The successful integration and application of pretreatment methods prior to anaerobic 
digestion of P&P mill’s sludge would require further investigation and validation. The 
following recommendations for future work are made: 
• A proper analysis of capital expenditure (CAPEX) and operating expenses 
(OPEX) of either a lab scale/pilot scale plant or a full-scale plant employing 
suitable pretreatment conditions needs to be conducted to understand the 
logistical and financial challenges. 
• This study recommends that thermo–mechanical and sulfite P&P mills sludges 
require pretreatment before AD due to higher possibility of partition of resin 
acids onto the solids of wastewater collected from primary and secondary 
clarifiers, as the processed wastewater pH of these two pulping mills varies 
between 2.5–5.9. 
• Future research should be focused on the resin acids’ digestibility of P&P mills' 
waste activated sludge (WAS) and biosolids. 
• Suitable anaerobes selection and their addition into the digesters particularly for 
resin acids’ consumption, microbial adaptation, degradation pathways of resin 
acids, and inhibitory effect of their transformation by-products on anaerobes are 
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Figure A3: Partition studies of resin acids spiked in primary sludge. 
 
Figure A4: GC-MS peaks of individual resin acids spiked in municipal primary 
sludge, and below it shows the mass spectra of isoP/AbA 
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Figure A5: Calibration of individual resin acids in GC-MS. Ax = peak area of a 
compound, Ais = peak area of internal standard, Cx = concentration of a compound, 
and Cis = concentration of internal standard 

















































































Figure A6: Concentrations of ozone in Milli–Q water at different pH 
Table A1: Liquid phase analysis of municipal primary sludge during anaerobic 
digestion. Data presented are an average of duplicates 
Parameters 
Non-ozonated digester Ozonated digester  Control digester 
Day 0 Day 30 Day 0 Day 30 Day 0 Day 30 
TS (mg/L) 605 510 669 456 614 441 
VS (mg/L) 372 301 351 259 368 274 
sCOD (mg/L) 398 281 573 345 247 155 
tCOD (mg/L) 940 607 978 410 920 504 







































Table A2: Sample calculations of resin acids mass in liquid and solid phases at equilibrium when total concentration of 150 
mg/L resin acids was spiked in municipal primary sludge during partition studies at pH 5.36. 
Liquid phase extraction of resin acids 
 
Peak area of 
PmA, Ax 






0.7 mL of GC-
MS vial 
Vol. (ml) of 
liq. Phase of 
sludge 
Mass (mg) 









sample 1 411281 259951 0.89 20.14 6.8 0.038 0.260 5.638 0.236 
sample 2 375976 232253 0.80 18.47 6.6 0.034 0.267 5.172 0.272 
sample 3 460337 247071 0.85 22.23 7 0.044 0.264 6.225 0.214 
 
Peak area of 
DhA, Ax 






0.7 mL of GC-
MS vial 
Vol. (ml) of 
liq. Phase of 
sludge 
Mass (mg) 









sample 1 206356 259951 0.89 11.78 6.8 0.022 0.267 3.298 0.447 
sample 2 167527 232253 0.80 9.85 6.6 0.018 0.251 2.759 0.507 
sample 3 168059 247071 0.85 10.01 7 0.020 0.286 2.802 0.573 
 
Peak area of 
isoP/AbA, 
Ax 






0.7 mL of GC-
MS vial 
Vol. (ml) of 













sample 1 180283 259951 0.89 12.99 6.8 0.025 0.459 3.639 0.719 
sample 2 174332 232253 0.80 12.25 6.6 0.023 0.472 3.431 0.789 
sample 3 264911 247071 0.85 16.43 7 0.032 0.574 4.601 0.709 
 
Peak area of 
ODhA, Ax 






0.7 mL of GC-
MS vial 
Vol. (ml) of 
liq. Phase of 
sludge 
Mass (mg) 









sample 1 713251 259951 0.89 34.60 6.8 0.066 0.419 9.689 0.220 





sample 3 661947 247071 0.85 32.27 7 0.063 0.386 9.035 0.215 
 
Solid phase extraction of resin acids 
 
Peak area 
of PmA, Ax 
Peak area of 
mirex, Ais 
Conc. of mirex, 
Cis (ppm) 
Conc.(ppm) in 
0.7 mL of GC-MS 
vial 




of PmA  
Mass in TSS 
(mg/g) 
sample 1 674719 214150 0.74 31.60 5 0.221 1.333 
sample 2 713372 237584 0.81 33.31 5 0.233 1.405 
sample 3 673593 220738 0.76 31.55 5 0.221 1.330 
 
Peak area 
of DhA, Ax 
Peak area of 
mirex, Ais 
Conc. of mirex, 
Cis (ppm) 
Conc.(ppm) in 
0.7 mL of GC-MS 
vial 




of DhA  
Mass in TSS 
(mg/g) 
sample 1 746746 214150 0.74 34.96 5 0.245 1.474 
sample 2 704599 237584 0.81 33.19 5 0.232 1.400 






Peak area of 
mirex, Ais 
Conc. of mirex, 
Cis (ppm) 
Conc.(ppm) in 
0.7 mL of GC-MS 
vial 




of isoP/AbA  
Mass in TSS 
(mg/g) 
sample 1 1323561 214150 0.74 62.07 5 0.435 2.617 
sample 2 1369628 237584 0.81 64.18 5 0.449 2.706 
sample 3 1674051 220738 0.76 77.36 5 0.541 3.262 
 
Peak area 
of ODhA, Ax 
Peak area of 
mirex, Ais 
Conc. of mirex, 
Cis (ppm) 
Conc.(ppm) in 
0.7 mL of GC-MS 
vial 




of ODhA  
Mass in TSS 
(mg/g) 
sample 1 1073645 214150 0.74 50.47 5 0.353 2.128 





sample 3 974317 220738 0.76 46.04 5 0.322 1.942 
 
Table A3: Sample calculations of resin acids mass in liquid and solid phases of primary sludge during kinetics of ozonation at 
pH 11. 
Liquid phase analysis of resin acids 
Time 
(min) 
PmA, Ax Ais Cis (ppm) 
Conc. (ppm) of 
PmA in 0.7 mL of 
GCMS vial 
Vol. (mL) of 









60 0 231682 0.80 0 3.6 0.0 0.0 0 
40 75049 209421 0.72 5.08 3.5 0.008 0.016 3.141 
30 212814 247395 0.85 11.38 3.5 0.019 0.033 6.576 
20 148257 211466 0.73 8.33 3.6 0.014 0.038 7.554 
10 731483 224929 0.77 34.10 3.7 0.059 0.077 15.395 
0 1215721 240317 0.82 55.36 3.5 0.090 0.115 23.076 
Time 
(min) 
DhA, Ax Ais Cis (ppm) 
Conc. (ppm) of 
DhA in 0.7 mL of 
GCMS vial 
Vol. (mL) of 









60 205846 231682 0.80 11.51 3.6 0.019 0.047 9.352 
40 431411 209421 0.72 21.18 3.5 0.035 0.050 9.960 
30 589052 247395 0.85 28.23 3.5 0.046 0.059 11.884 
20 722542 211466 0.73 33.90 3.6 0.057 0.076 15.168 
10 1347614 224929 0.77 61.12 3.7 0.106 0.128 25.655 
0 1525967 240317 0.82 68.80 3.5 0.112 0.139 27.711 





(min) A, Ax isoP/AbA in 0.7 mL 
of GCMS vial 





60 0 231682 0.80 0 3.6 0 0 0 
40 0 209421 0.72 0 3.5 0 0 0 
30 125173 247395 0.85 10.39 3.5 0.017 0.036 7.248 
20 594851 211466 0.73 30.25 3.6 0.051 0.085 17.051 
10 852046 224929 0.77 41.61 3.7 0.072 0.118 23.610 





Ais Cis (ppm) 
Conc. (ppm) of 
ODhA in 0.7 mL of 
GCMS vial 
Vol. (mL) of 









60 987421 231682 0.80 46.63 3.6 0.078 0.092 18.382 
40 814763 209421 0.72 38.93 3.5 0.064 0.087 17.445 
30 1428689 247395 0.85 66.18 3.5 0.108 0.137 27.473 
20 1771940 211466 0.73 81.63 3.6 0.137 0.161 32.216 
10 2100174 224929 0.77 96.09 3.7 0.166 0.196 39.143 
0 2814732 240317 0.82 127.58 3.5 0.208 0.239 47.820 
 
Solid phase analysis of resin acids 
Time 
(min) 
PmA, Ax Ais Cis (ppm) 
Conc. (ppm) of PmA in 
0.7 mL of GCMS vial 
Vol. (ml) of DCM 
after TurboVap 
Mass in solid 
sludge (mg) 
60 0 225299 0.78 0 3 0 
40 0 210374 0.73 0 3 0 
30 34169 227186 0.78 3.40 3 0.014 
20 83944 236903 0.81 5.66 3 0.024 





0 92337 224162 0.77 5.94 3 0.025 
Time 
(min) 
DhA, Ax Ais Cis (ppm) 
Conc. (ppm) of DhA in 0.7 
mL of GCMS vial 
Vol. (ml) of DCM 
after TurboVap 
Mass in solid 
sludge (mg) 
60 92459 225299 0.78 6.53 3 0.027 
40 29064 210374 0.73 3.62 3 0.015 
30 14770 227186 0.78 3.17 3 0.013 
20 43045 236903 0.81 4.50 3 0.019 
10 68391 218435 0.75 5.42 3 0.023 





Ais Cis (ppm) 
Conc. (ppm) of isoP/AbA 
in 0.7 mL of GCMS vial 
Vol. (ml) of DCM 
after TurboVap 
Mass in solid 
sludge (mg) 
60 0 225299 0.78 0 3 0 
40 0 210374 0.73 0 3 0 
30 0 227186 0.78 0 3 0 
20 78943 236903 0.81 8.20 3 0.034 
10 151067 218435 0.75 11.00 3 0.046 
0 237936 224162 0.77 14.88 3 0.063 
Time 
(min) 
ODhA, Ax Ais Cis (ppm) 
Conc. (ppm) of ODhA in 
0.7 mL of GCMS vial 
Vol. (ml) of DCM 
after TurboVap 
Mass in solid 
sludge (mg) 
60 10985 225299 0.78 3.23 3 0.014 
40 68559 210374 0.73 5.63 3 0.024 
30 94701 227186 0.78 6.97 3 0.029 
20 63752 236903 0.81 5.70 3 0.024 
10 99538 218435 0.75 7.09 3 0.030 






Table A4: Sample calculations of resin acids mass in liquid and solid phases of primary sludge in ozonated digester (ozonated 
sludge spiked with 150 mg/L of resin acids) during anaerobic digestion. 
Liquid phase extraction of resin acids 
 
PmA, Ax Ais 
Cis 
(mg/L) 
Conc. (mg/L) of 


















0 Day 406163 205716 0.71 19.71 4 0.022 0.032 6.380 5.52 0.023 
Day 5 (1) 308301 218472 0.75 15.43 4 0.017 0.028 5.581 4.32 0.024 
Day 5 (2) 337191 200365 0.69 16.64 4 0.019 0.029 5.737 4.66 0.027 
Day 10 (1) 312462 223719 0.77 15.64 4 0.018 0.027 5.418 4.38 0.024 
Day 10 (2) 300534 216812 0.75 15.08 4 0.017 0.026 5.244 4.22 0.024 
Day 15 (1) 271438 225022 0.77 13.84 4 0.015 0.025 4.990 3.87 0.027 
Day 15 (2) 297850 218305 0.75 14.97 4 0.017 0.026 5.281 4.19 0.025 
Day 20 (1) 303302 212391 0.73 15.19 4 0.017 0.026 5.171 4.25 0.025 
Day 20 (2) 299245 227344 0.78 15.07 4 0.017 0.026 5.148 4.22 0.025 
Day 30 (1) 300263 214288 0.74 15.06 4 0.017 0.025 5.089 4.22 0.025 
Day 30 (2) 319471 210352 0.73 15.89 4 0.018 0.026 5.250 4.45 0.028 
  
     
    
 
DhA, Ax Ais 
Cis 
(mg/L) 
Conc. (mg/L) of 


















0 Day 699468 205716 0.71 32.89 4 0.037 0.055 10.907 9.208 0.104 
Day 5 (1) 670243 218472 0.75 31.64 4 0.035 0.053 10.667 8.858 0.103 
Day 5 (2) 548255 200365 0.69 26.26 4 0.029 0.046 9.234 7.352 0.120 
Day 10 (1) 453420 223719 0.77 22.22 4 0.025 0.041 8.225 6.221 0.143 





Day 15 (1) 568312 225022 0.77 27.22 4 0.030 0.046 9.261 7.622 0.115 
Day 15 (2) 548365 218305 0.75 26.33 4 0.029 0.046 9.183 7.371 0.122 
Day 20 (1) 539825 212391 0.73 25.93 4 0.029 0.045 8.956 7.260 0.122 
Day 20 (2) 528192 227344 0.78 25.49 4 0.029 0.044 8.846 7.137 0.126 
Day 30 (1) 544285 214288 0.74 26.13 4 0.029 0.045 9.033 7.317 0.120 
Day 30 (2) 503621 210352 0.73 24.34 4 0.027 0.043 8.634 6.816 0.127 
 
      







Conc. (mg/L) of 
isoP/AbA in 0.7 mL 




















0 Day 498112 205716 0.71 25.96 4 0.029 0.068 13.502 7.268 0.160 
Day 5 (1) 407239 218472 0.75 22.16 4 0.025 0.063 12.676 6.206 0.153 
Day 5 (2) 429823 200365 0.69 22.90 4 0.026 0.065 13.031 6.412 0.167 
Day 10 (1) 436342 223719 0.77 23.51 4 0.026 0.064 12.815 6.582 0.149 
Day 10 (2) 379651 216812 0.75 20.94 4 0.023 0.060 12.036 5.863 0.173 
Day 15 (1) 397240 225022 0.77 21.82 4 0.024 0.060 12.030 6.111 0.160 
Day 15 (2) 394856 218305 0.75 21.62 4 0.024 0.061 12.128 6.054 0.167 
Day 20 (1) 369152 212391 0.73 20.42 4 0.023 0.060 12.045 5.716 0.165 
Day 20 (2) 372617 227344 0.78 20.79 4 0.023 0.060 11.962 5.821 0.157 
Day 30 (1) 366293 214288 0.74 20.32 4 0.023 0.059 11.718 5.689 0.157 
Day 30 (2) 374177 210352 0.73 20.61 4 0.023 0.060 11.953 5.770 0.163 
           
 
ODhA, Ax Ais 
Cis 
(mg/L) 
Conc. (mg/L) of 























0 Day 1429461 205716 0.71 66.39 4 0.074 0.098 19.542 18.590 0.009 
Day 5 (1) 1208652 218472 0.75 56.48 4 0.063 0.087 17.333 15.814 0.008 
Day 5 (2) 1196576 200365 0.69 56.01 4 0.063 0.085 17.095 15.683 0.009 
Day 10 (1) 1274022 223719 0.77 59.37 4 0.066 0.089 17.853 16.624 0.010 
Day 10 (2) 1438749 216812 0.75 66.73 4 0.075 0.097 19.350 18.685 0.011 
Day 15 (1) 1386501 225022 0.77 64.37 4 0.072 0.095 18.928 18.023 0.008 
Day 15 (2) 1103942 218305 0.75 51.82 4 0.058 0.081 16.206 14.508 0.010 
Day 20 (1) 1268220 212391 0.73 59.15 4 0.066 0.089 17.709 16.563 0.009 
Day 20 (2) 1302457 227344 0.78 60.63 4 0.068 0.090 18.005 16.975 0.008 
Day 30 (1) 1173538 214288 0.74 54.93 4 0.062 0.084 16.749 15.379 0.009 
Day 30 (2) 1263911 210352 0.73 58.97 4 0.066 0.088 17.577 16.512 0.008 
 
Solid phase extraction of resin acids 
 
PmA, Ax Ais Cis (ppm) 
Conc. (ppm) of PmA 
in 0.7 mL of GCMS vial 
Vol. (ml) of DCM 
after TurboVap 
Mass in solid 
sludge (mg) 
mass in TSS 
(mg/g) 
0 Day 12388 213564 0.74 2.34 3 0.010 0.128 
Day 5 (1) 12534 237452 0.81 2.53 3 0.011 0.105 
Day 5 (2) 11342 226519 0.78 2.39 3 0.010 0.124 
Day 10 
(1) 10236 




















































DhA, Ax Ais Cis (ppm) 
Conc. (ppm) of PmA 
in 0.7 mL of GCMS vial 
Vol. (ml) of DCM 
after TurboVap 
Mass in solid 
sludge (mg) 
mass in TSS 
(mg/g) 
0 Day 41963 213564 0.74 4.21 3 0.018 0.960 
Day 5 (1) 37523 237452 0.81 4.26 3 0.018 0.908 
Day 5 (2) 33816 226519 0.78 3.99 3 0.017 0.885 
Day 10 
(1) 
























































Ax in 0.7 mL of GCMS vial after TurboVap sludge (mg) (mg/g) 
0 Day 110565 213564 0.74 9.15 3 0.038 1.164 
Day 5 (1) 101357 237452 0.81 9.18 3 0.039 0.951 
Day 5 (2) 111092 226519 0.78 9.41 3 0.040 1.074 
Day 10 
(1) 104824 




















































ODhA, Ax Ais Cis (ppm) 
Conc. (ppm) of PmA 
in 0.7 mL of GCMS vial 
Vol. (ml) of DCM 
after TurboVap 
Mass in solid 
sludge (mg) 
mass in TSS 
(mg/g) 
0 Day 67041 210219 0.73 5.56 3 0.023 0.160 
Day 5 (1) 60752 237452 0.81 5.57 3 0.023 0.119 
Day 5 (2) 59843 226519 0.78 5.41 3 0.023 0.140 
Day 10 
(1) 61957 
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Figure B2: Decay of Fe (VI) in Milli–Q water at pH around 7.0 
 
 
Figure B3: Experimental protocol of ferrate treatment of resin acids 



































 Q enc ing  e (  ) 
 it  Na S    
 iltration/extraction 
Analysis 
  e (  )  





Exp. No. Fe (VI) dosage (mg/L), 𝜶 pH, 𝜷 Reaction time (min), 𝜸 
1. 55 (+1) 6 (–1) 20 (0) 
2. 40 (0) 7 (0) 20 (0) 
3. 40 (0) 7 (0) 20 (0) 
4. 40 (0) 6 (–1) 30 (+1) 
5. 40 (0) 8 (+1) 30 (+1) 
6. 40 (0) 8 (+1) 10 (–1) 
7. 55 (+1) 7 (0) 10 (–1) 
8. 55 (+1) 8 (+1) 20 (0) 
9. 25 (–1) 8 (+1) 20 (0) 
10. 25 (–1) 7 (0) 10 (–1) 
11. 55 (+1) 7 (0) 30 (+1) 
12. 40 (0) 7 (0) 20 (0) 
13. 25 (–1) 7 (0) 30 (+1) 
14. 40 (0) 6 (–1) 10 (–1) 
15. 25 (–1) 6 (–1) 20 (0) 
 





Constant 0.000 0.000 
𝛼 0.000 0.000 
𝛽 0.008 0.013 
𝛾 0.001 0.001 
𝛼2  0.000 0.008 
𝛽2  0.000 0.004 
𝛾2  0.003 0.021 
𝛼 𝛽 0.598 0.128 
𝛼 𝛾 0.700 0.046 
𝛽 𝛾 0.856 0.927 
 
Table B3: Mass of resin acids partitioned into solid and aqueous phases of primary 
sludge at equilibrium at pH 7.0 (0 mg Fe (VI) dosage/mg tCODfed) 
Resin acids 
Initial mass (mg) spiked 
in primary sludge 
Mass (mg) in solid 
phase at equilibrium 
Mass (mg) in liquid 
phase at equilibrium 
DhA 0.110 0.079 ± 0.003 0.022 ± 0.002 








Figure B4: Fitting of kinetics data of Fe (VI) treatment of resin acids in phosphate 
buffer solution in second–order model: effect of Fe (VI) dosage at pH 7.0 (a) 
AbA/isoP, and (b) DhA. Data presented are an average of triplicates. Initial 
concentrations of AbA/isoP and DhA were 78 mg/L and 22 mg/L, respectively 
y = 0.0017x + 0.0133
R² = 0.998
y = 0.009x + 0.0081
R² = 0.989















(a) Fe(VI) = 25 mg/L
Fe(VI) = 40 mg/L
Fe(VI) = 55 mg/L
y = 0.0014x + 0.0528
R² = 0.8713
y = 0.0072x + 0.0625
R² = 0.9772
















Fe(VI) = 25 mg/L
Fe(VI) = 40 mg/L






Figure B5: Fitting of kinetics data of Fe (VI) oxidation of resin acids in Milli–Q 
water (buffer solution) at Fe (VI) dosage of 40 mg/L: effect of pH (a) AbA/isoP, and 
(b) DhA. Data presented are an average of triplicates. Initial concentrations of the 
mixture of AbA/isoP and DhA were 78 mg/L and 22 mg/L, respectively 
 
y = 0.0062x + 0.0063
R² = 0.9393
y = 0.009x + 0.0081
R² = 0.989






















y = 0.0044x + 0.0494
R² = 0.9731
y = 0.0072x + 0.0625
R² = 0.9772



























Figure B6: The relationship between wastewater quality parameters and dosage of 
ferrate applied during pretreatment of resin acids spiked in primary sludge at pH 






































Table B4: Liquid phase analysis of sludge before and after anaerobic digestion. Data presented are an average of duplicates 
 
Parameters 
Control-I digester Control-II digester Untreated digester Pretreated digester 
Day 0 Day 20 Day 0 Day 20 Day 0 Day 20 Day 0 Day 20 
TS (mg/L) 5668±103 3756±86 4653±334 2850±93 5769±88 4373±79 5020±151 2588±19 
VS (mg/L) 3495±127 2540±115 2829 ±28 1893±83 3450±81 2723±25 2950±53 1745±51 
sCOD (mg/L) 465±13 249±9 593±25 399±88 891±57 620±127 1085±36 580±99 
tCOD (mg/L) 5530±156 3695±191 5525±205 3400 ±99 5780±51 4240±156 5755±64 3605 ±233 
pH 7.05±0.06 6.88±0.06 7.18±0.04 7.03±0.03 7.01±0.01 6.58±0.06 7.19±0.01 6.96±0.07 
Table B5: Sample calculations of resin acids mass in liquid and solid phases of PS during Fe (VI) oxidation at a dosage of 329 
mg Fe (VI)/g tCOD/L and pH around 7.0 










0.7 mL of GC-
MS vial 










Total conc.  
(mg/L) 
Kd (L/g) 
0 498103 233507 16.53 3.4 0.039 11.569 0.355 71.05 0.249 















0.7 mL of GC-
MS vial 










Total conc.  
(mg/L) 
Kd (L/g) 
0 228921 233507 9.08 3.4 0.022 6.355 0.104 20.76 0.118 
20 (1) 0 214913 0.00 8.2 0.000 0.000 0.077 7.74  
20 (2) 0 252018 0.00 8.2 0.000 0.000 0.082 8.23  
 







of mirex  
Conc.(mg/L) In 
0.7 mL of GC-
MS vial 
Vol. (ml) of DCM 
after TurboVap 
Mass (mg) 
mass in TSS 
(mg/g) 
0 2553761 198317 75.22 3 0.316 2.88 
20 (1) 427283 205802 14.51 3 0.061 0.28 








of mirex  
Conc.(mg/L) In 
0.7 mL of GC-
MS vial 
Vol. (ml) of DCM 
after TurboVap 
Mass (mg) 
mass in TSS 
(mg/g) 
0 710525 198317 19.57 3 0.082 0.75 
20 (1) 658092 205802 18.42 3 0.077 0.35 






Table B6: Sample calculations of resin acids mass in liquid and solid phases of untreated digester (substrate: resin acids spiked 
with municipal primary sludge without pretreatment) at pH around 7.0. 










0.7 mL of GC-MS 
vial 
Vol. (ml) of 
liq. phase 







Total conc.  
(mg/L) 
Kd (L/g) 
0 1195510 281563 36.44 3.6 0.0918 25.507 0.537 107.42 0.248 
5 (1) 1063572 239102 32.67 3.5 0.0800 22.870 0.510 101.95 0.235 
5 (2) 998441 217461 30.81 3.7 0.0798 21.568 0.519 103.83 0.255 
10 (1) 944793 259155 29.28 3.6 0.0738 20.496 0.522 104.49 0.258 
10 (2) 986015 283027 30.46 3.6 0.0768 21.320 0.500 100.09 0.248 
15 (1) 1131881 207148 34.62 3.5 0.085 24.235 0.517 103.30 0.223 
15 (2) 995201 248570 30.72 3.7 0.080 21.504 0.497 99.43 0.276 
20 (1) 953522 212649 29.53 3.6 0.074 20.671 0.511 102.22 0.264 










0.7 mL of GC-MS 
vial 











Total conc.  
(mg/L) 
Kd (L/g) 
0 645718 281563 18.15 3.6 0.046 12.708 0.156 31.21 0.123 
5 (1) 573902 239102 16.59 3.5 0.041 11.613 0.152 30.35 0.136 
5 (2) 590174 217461 16.95 3.7 0.044 11.862 0.149 29.85 0.126 
10 (1) 722355 259155 19.82 3.6 0.050 13.876 0.161 32.24 0.114 
10 (2) 594840 283027 17.05 3.6 0.043 11.933 0.156 31.17 0.135 





15 (2) 529163 248570 15.62 3.7 0.040 10.932 0.147 29.42 0.139 
20 (1) 508395 212649 15.16 3.6 0.038 10.615 0.140 27.96 0.136 








Conc.(mg/L) In 0.7 
mL of GC-MS vial 
Vol. (ml) of DCM 
after TurboVap 
Mass (mg) in 
solid phase 
Mass in TSS 
(mg/g) 
0 3632811 237934 106.02 3 0.445 6.33 
5 (1) 3502756 269531 102.31 3 0.429 5.37 
5 (2) 3583293 240475 104.61 3 0.439 5.49 
10 (1) 3661024 228490 106.83 3 0.448 5.28 
10 (2) 3452648 297153 100.88 3 0.423 5.30 
15 (1) 3519301 273622 102.78 3 0.432 5.40 
15 (2) 3401743 223846 99.43 3 0.418 5.94 
20 (1) 3561051 259514 103.98 3 0.437 5.46 








Conc.(mg/L) In 0.7 
mL of GC-MS vial 
Vol. (ml) of DCM 
after TurboVap 
Mass (mg) in 
solid phase 
Mass in TSS 
(mg/g) 
0 1018225 237934 26.27 3 0.110 1.57 
5 (1) 1026914 269531 26.45 3 0.111 1.58 
5 (2) 964195 240475 25.09 3 0.105 1.50 
10 (1) 1028419 228490 26.49 3 0.111 1.58 
10 (2) 1046172 297153 26.87 3 0.112 1.61 
15 (1) 955520 273622 24.90 3 0.105 1.49 





20 (1) 922781 259514 24.19 3 0.102 1.45 







Table C1: Com arisons bet een  aste ater q ality  arameters of a TMP mill’s PS and municipal PS 
Parameters TMP mill’s PS Municipal PS 
tCOD (g/L) 31.85 ± 1.94 15.70±1.14 
sCOD (mg/L) 910 ± 32 2730±390 
VS (g/L) 17.75±0.48 10.62±0.85 
TS (g/L) 23.29±0.41 14.38±0.61 
VSS (g/L) 17.6 ± 0.57 10.45±0.17 
TSS (g/L) 22.23 ± 0.44 13.24±0.29 
pH 5.53±0.26 5.36±0.13 
Table C2: Operating cost analysis for ferrate and ozone pretreatment of TMP mill’s  rimary sl dge. 
Ferrate cost analysis 
Fe (VI) dose in the reactor = 201 mg Fe (VI)/g tCOD fed of PS 
Rate of Fe (VI) in the market = 200 $/g 
Operating cost for ferrate pretreatment = 40.2 $/g tCOD fed 
   
Methane generation from AD of PS = 263.94 mL/g tCOD fed 
Rate of methane in the global market = 0.00075 $/mL 
Value added due to methane generation = 0.1979 $/g tCOD fed 
   







Ozone cost analysis 
Ozone dosage in the reactor = 0.201 mg O3/mg tCOD fed 
   
Based on stochiometric calculation, 1 mg O2 required to generate 1 mg of O3 
Therefore, 0.201 mg O2 is required to generate 0.201 mg of O3 
0.201 mg O2 is equivalent to 0.00628 mmol O2 
 
At STP, 1 mmol O2 = 24.4 mL of O2 
Therefore, 0.201 mg O2 is equivalent to 0.1532 L of O2 used for ozonation 
 
Rate of O2 in the market = 0.0026 $/L 
Gas cost for the O3 pretreatment = 0.000398 $/g tCOD fed 
 
Ozone generator power = 0.40 kWh 
Rate of power = 0.134 $/kWh 
Power cost = 0.053 $ for 1 hour of operation 
The power cost for 20 min of operation = 0.0176 $ 
Ozone generator power cost = 0.0027 $/g tCOD fed 
   
Total operating cost = 0.0031 $/g tCOD fed 
 
Methane generation from AD of PS = 263.94 mL/g tCOD fed 
Rate of methane in the global market = 0.00075 $/mL 
Value added due to methane generation = 0.1979 $/g tCOD fed 
   






Table C3: Sample calculations of resin acids mass in liquid and solid phases of raw TMP mill’s  rimary sl dge at pH 5.53 




Peak area of 
mirex  
Conc.(mg/L) of 
PmA in 0.7 mL in 
GC-MS vial  
Vol. (ml) of 
liquid phase 
Mass (mg) in 
liq. phase 
Conc. (mg/L) of 
PmA in liq. 
phase of sludge 
Total mass of 
PmA (mg) 




1734431 208114 111.34 4 0.312 77.935 2.600 520 0.264 
1873185 216491 120.08 4 0.336 84.054 2.784 557 0.262 
    





Peak area of 
mirex  
Conc.(mg/L) of 
DhA in 0.7 mL in 
GC-MS vial  
Vol. (ml) of 
liquid phase 
Mass (mg) in 
liq. phase 
Conc. (mg/L) of 
DhA in liq. 
phase of sludge 
Total mass of 
DhA (mg) 




943914 208114 61.70 4 0.173 43.193 2.139 428 0.409 
1028866 216491 67.01 4 0.188 46.909 2.310 462 0.407 
    





Peak area of 
mirex  
Conc.(mg/L) of 
AbA/isoP in 0.7 
mL in GC-MS vial  
Vol. (ml) of 
liquid phase 
Mass (mg) in 
liq. phase 
Conc. (mg/L) of 
AbA/isoP in liq. 
phase of sludge 
Total mass of 
AbA/isoP(mg) 




432143 208114 31.95 4 0.089 22.367 2.051 410 0.788 
471036 216491 34.39 4 0.096 24.070 2.214 443 0.791 
 






Conc.(mg/L) of PmA 
in 0.7 mL in GC-MS 
vial 





Mass in TSS (mg/g) 
25906087 215238 1634.15 1 2.288 20.56 
27719513 237925 1748.40 1 2.448 22.00 
       





of DhA of mirex in 0.7 mL in GC-MS 
vial 
TurboVap in solid 
phase 
22424725 215238 1404.17 1 1.966 17.67 
24218703 237925 1516.29 1 2.123 19.08 








AbA/isoP in 0.7 mL 
in GC-MS vial 





Mass in TSS (mg/g) 
22323395 215238 1400.84 1 1.961 17.63 
24109267 237925 1512.51 1 2.118 19.03 
 
Table C4: Sample calculations of resin acids mass in liquid and solid phases of ozonated digester at pH around 7.0 when ozone 
dose 0.150 mg O3/mg tCOD was applied to pretreat TMP mill’s  rimary sl dge. 





of mirex  
Conc.(mg/L) 
of PmA in 
0.7 mL in GC-
MS vial  
















Day 0 (1) 1361259 244289 87.83 4 0.246 61.478 2.057 411 0.265 











4 0.210 52.580 1.966 
393 0.300 
    
    
  





of DhA of mirex  of DhA in 0.7 
mL in GC-MS 
vial  
liquid phase in liq. 
phase 







Day 0 (1) 900070 244289 58.96 4 0.165 41.275 1.913 383 0.381 











4 0.143 35.813 1.951 
390 0.454 
    






of mirex  
Conc.(mg/L) 
of AbA/isoP 
in 0.7 mL in 
GC-MS vial  

















Day 0 (1) 369290 244289 28.02 4 0.078 19.616 1.446 289 0.626 











4 0.053 13.339 1.382 
276 0.896 
    
    
  
 







PmA in 0.7 mL in 
GC-MS vial 





Mass in TSS 
(mg/g) 
Day 0 (1) 20498455 230628 1293.47 1 1.811 16.28 






(1) 19473532 247890 1228.90 
1 1.720 15.46 
Day 20 
(2) 19872068 221844 1254.01 
1 1.756 15.78 







DhA in 0.7 mL in 
GC-MS vial 





Mass in TSS 
(mg/g) 
Day 0 (1) 19937933 230628 1248.76 1 1.748 15.71 
Day 0 (2) 21258803 259163 1331.31 1 1.864 16.75 
Day 20 
(1) 19339795 247890 1211.37 
1 1.696 15.24 
Day 20 
(2) 20621039 221844 1291.45 
1 1.808 16.25 








AbA/isoP in 0.7 mL 
in GC-MS vial 





Mass in TSS 
(mg/g) 
Day 0 (1) 15537993 230628 976.54 1 1.367 12.29 
Day 0 (2) 16414290 259163 1031.34 1 1.444 12.98 
Day 20 
(1) 14450333 247890 908.53 
1 1.272 11.43 
Day 20 
(2) 15101147 221844 949.22 
1 1.329 11.95 
 
Table C5: Sample calculations of resin acids mass in liquid and solid phases of ferrate pretreated digester at pH around 7 









Peak area of 
mirex  
Conc.(mg/L) of 
PmA in 0.7 mL in 
GC-MS vial  












Total conc.  
(mg/L) 
Kd (L/g) 
Day 0 (1) 1293196 219725 83.54 4 0.234 58.477 1.957 391 0.265 
Day 0 (2) 1194518 235166 77.32 4 0.216 54.125 1.989 398 0.294 
Day 20 (1) 1202672 220448 77.83 4 0.218 54.484 1.837 367 0.267 
Day 20 (2) 1098957 213246 71.30 4 0.200 49.911 1.866 373 0.300 
    





Peak area of 
mirex  
Conc.(mg/L) of 
DhA in 0.7 mL in 
GC-MS vial  












Total conc.  
(mg/L) 
Kd (L/g) 
Day 0 (1) 879844 219725 57.70 4 0.162 40.390 1.871 374 0.381 
Day 0 (2) 797475 235166 52.55 4 0.147 36.787 1.950 390 0.440 
Day 20 (1) 835852 220448 54.95 4 0.154 38.466 1.796 359 0.384 
Day 20 (2) 749627 213246 49.56 4 0.139 34.693 1.851 370 0.444 
    





Peak area of 
mirex  
Conc.(mg/L) of 
AbA/isoP in 0.7 
mL in GC-MS vial  






of AbA/isoP in 






Total conc.  
(mg/L) 
Kd (L/g) 
Day 0 (1) 364161 219725 27.70 4 0.078 19.391 1.408 282 0.617 
Day 0 (2) 244733 235166 20.23 4 0.057 14.164 1.462 292 0.892 
Day 20 (1) 338306 220448 26.09 4 0.073 18.260 1.312 262 0.610 












Conc.(mg/L) of PmA in 
0.7 mL in GC-MS vial 





Mass in TSS 
(mg/g) 
Day 0 19498530 241608 1230.48 1 1.723 15.48 
Day 0 20064901 236151 1266.16 1 1.773 15.93 
Day 20 18328618 214693 1156.77 1 1.619 14.56 
Day 20 18861007 212755 1190.31 1 1.666 14.98 






Conc.(mg/L) of DhA in 
0.7 mL in GC-MS vial 





Mass in TSS 
(mg/g) 
Day 0 19499737 241608 1221.37 1 1.710 15.37 
Day 0 20557963 236151 1287.51 1 1.803 16.20 
Day 20 18719748 214693 1172.62 1 1.642 14.76 
Day 20 19530065 212755 1223.27 1 1.713 15.39 







AbA/isoP in 0.7 mL in 
GC-MS vial 





Mass in TSS 
(mg/g) 
Day 0 15118048 241608 950.28 1 1.330 11.96 
Day 0 15970660 236151 1003.60 1 1.405 12.63 
Day 20 14074903 214693 885.05 1 1.239 11.14 
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